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ABSTRACT 
The research presented in this thesis describes the development and application of 
a portable, high-resolution instrument, specifically designed for the at-site 
monitoring of algae and cyanobacteria in freshwaters. The instrument incorporates 
a miniature charge-coupled device (CCD) based spectrometer and a low power 
combined deutelium and tungsten light source, enabling the absorbance to be 
measured between 200 - 850 nm at a resolution of 1.3 nm. A transmission dip 
probe with removable tips of 5, 10 and 40 mm pathlengths forms the sampling 
device. A specifically developed control program allows easy operation of the 
instrument. A linear response from 0.0 - 1.2 AU and a combined signal to noise 
ratio of 576: 1 for the instrument components resulting in a high baseline stability 
of 1.0 mAU drift over five hundred measurements being observed. 
The instrument provides in-vivo absorbance characteristics with high resolution 
across the visible spectrum. Up to twelve specific spectral features were 
commonly identified in the absorbance spectra of algae and cyanobacteria 
between 400 - 750 nm. Individual spectral features were linked to specific 
pigments, some of which were found to be taxonomically distinct. Fourth 
derivative analysis was proven to provide further enhancement of subtle spectral 
features. The instrument has a linear range for chlorophyll a up to 1000 !lg rl and 
a detection limit of 8 )lg rl using the 40 mm pathlength probe. Physiological 
adaptation to light and nutrient conditions were shown to have a significant effect 
on the in-vivo absorbance spectrum, therefore providing potential infonnation on 
physiological status and health of a natural sample. Spectral analysis using 
principal component analysis (PCA) with classification based on the soft 
independent modelling of class analogy (SIMCA) method was used to classify 
nine species from three taxonomic classes, including four cyanobacteria 
(Microcystis aeruginosa, Anabaena variabilis, Aphanizornenon flos-aquae, 
Synechnococcus sp.), four chlorophyceae (Chlorella vulgaris, Scenedesmus 
acuminatus, Spirogyra mirabilis, Staurastrurn chaetoceros) and a single 
bacillariophyceae (Asterionella Formosa). Classification using the SIMCA 
method proved to be highly reliable and robust. Moreover, the addition of noise 
was found to have very little effect on the classification. Under laboratory 
conditions all nine species were correctly classified using 'unknown' spectra. At­
site classification of natural samples and laboratory simulations have shown the 
robustness and reliability of the developed portable instrument. In combination 
with the data analysis techniques, the instrument is well suited to the proactive at­
site assessment of algal and cyanobacterial blooms in eutrophic freshwater 
environments. ~\- cJ:-%,?\~ ...~ 
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CHAPTER 1 
GENERAL INTRODUCTION 
1.1 Introduction 
Algal and cyanobacterial blooms have occurred in freshwaters world-wide, 
representing a major environmental problem and resulting in many detrimental 
effects. Increased algal levels present water treatment, supply, conservation and 
health problems. Of primary concern is the production of toxins by some species 
of cyanobacteria in waters used for recreational activities and drinking water 
storage. This has resulted in increased concern in recent years about the effect of 
cyanobacteria on human health. 
The near real-time monitoring of the location, extent, movement and growth rate 
of problematic cyanobacteria is currently one of the biggest challenges for 
scientists involved in maintaining and supplying water for recreational use or 
human consumption. Early detection of cyanobacteria is regarded as the most 
important task in modem algal control strategies, yet is also commonly the 
weakest link. This is due to the complexity and costs of monitoring algal blooms, 
which often overwhelm the resources of manned reservoir surveys. Where toxic 
cyanobacteria represent a major threat, techniques that provide rapid, reliable and 
cost effective information that can be used as part of an integrated management 
control programme are required. 
Many techniques are available for monitoring algal levels. Bio-optical 
measurements encompass a variety of techniques based on the detennination of 
the optical properties of biological matter (primarily algae and cyanobacteria). By 
its very nature, the field of bio-optics is multidisciplinary, bringing together 
1 

environmental scientists, biologists, physicists, chemists, instrument specialists, 
limnologists and oceanographers. Measuring the bio-optical properties of living 
algae consequently represents an efficient tool for the high frequency sensing of 
the algal community and a potential solution to these environmental problems. 
There is however a need for instruments, based on bio-optical techniques, that are 
fully portable and therefore provide rapid, at-site analysis with both quantitative 
analysis of pigment concentrations and qualitative determination of the species 
present. 
The research presented in this thesis is based on monitoring freshwaters, where 
cyanobacteria are the major concern. Relevant reference is made to research in the 
marine area as much of this research, particularly in new instrumentation, is 
relevant to freshwater monitoring and new advances generally appear in this area 
first. Marine Harmful Algal Blooms (HABs) are well documented in the 
literature, and form a separate area of research, and consequently are not 
considered in the work of this thesis. 
Multi-disciplinary scientific research has become extremely important in the 21 st 
century. In the area of environmental and biological monitoring, multi­
disciplinary research that utilises advances in electronics, physics and computing 
provides significant advances in the information that can be gained about the 
environment. Utilising new advances and discoveries from other scientific fields 
allows the rapid advancement of specific scientific areas, solving distinct 
problems and providing the potential for new discoveries. Applied multi­
disciplinary research requires a broad knowledge of recent scientific advances and 
the ability to combine different techniques for specific applications. Applied 
research in this area can make a significant contribution to science. The reseach 
presented in this thesis follows the multi-disciplinary approach to improve and 
advance algal monitoring techniques. 
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b 
1.2 Aims of the project and layout of the thesis 
The research project presented in this thesis aims to develop a portable instrument 
to detect, identify and monitor freshwaters for potentially toxic algal blooms. The 
incorporation of several new technologies and data analysis techniques to this area 
provide the opportunity to improve on currently available instrumentation, by 
providing near real-time quantification and classification of algal sample~in-situ. 
1.2.1 Aims ofthe project 
The aims of the project can be summarised as: 
1) 	 Applying the latest technology in measurement science to develop an 
instrument suitable for at-site monitoring of algae and cyanobacteria in 
freshwaters. 
2) 	 To incorporate new developments in miniature Charge-Coupled Device 
(CCD) based spectrometer design, to gain high resolution full spectral 
analysis, allowing for detailed analysis of the optical properties of the 
sample. This was previously not possible using commercially available 
spectrophotometers. 
3) 	 To study a number of common freshwater algae and cyanobacteria, 
including toxin producing species. Identify specific pigment features and 
to quantify concentrations of chlorophyll a in relation to the instrument 
response. 
4) 	 To examine the effects of incident irradiance and nutrient stress on the 
absorption spectra, of laboratory grown algae and cyanobacteria. To 
collect spectral infom1ation close to the natural environment, which will be 
used in near real-time classification of algal classes. 
3 
5) 	 To develop mathematical classification models, based on spectra from a 
selected number of common species. Interpret sample spectra using 
Principal Component Analysis (PCA), for the classification of absorbance 
spectra recorded from unknown natural samples. 
6) 	 To test the developed instrument and data analysis techniques using 
natural samples, and to assess the performance of the instrument in 
determining algal and cyanobacterial composition in natural freshwater 
samples. 
1.2.2 Structure ofthe thesis: 
This chapter describes the aims of the study and provides a literature review on 
freshwater algal blooms and related topics including traditional laboratory based 
monitoring methods and use ofbio-optical techniques. The theory and application 
of in-vivo absorbance and a review of recent research in the areas of absorbance 
analysis of phytoplankton using data analysis techniques for classification are also 
presented, along with other techniques of interest. The principle behind the new 
generation of miniature CCD spectrometers and the Lab VIEW programming 
language used in this thesis are described to aid the reader in subsequent chapters. 
Chapter 2 is in two sections; Section A describes the instrument development 
including hardware and software. Section B describes the calibration and 
characterisation ofthe instrument. 
Chapter 3 identifies the detailed features of the in-vivo absorbance spectra 
recorded using the developed instrument. The taxonomic use of these features is 
discussed. Data analysis techniques such as normalisation and derivative 
spectroscopy are considered with relevance to their ability to aid spectral 
interpretation. The univariate calibration of chlorophyll a and cell numbers is also 
considered in this chapter. 
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Chapter 4 exammes the ability of the instrument to measure the spectral 
adaptations due to incident irradiance and nutrient stress under laboratory culture 
conditions. Reference is made to specific physiological studies and the results 
discussed with regard to how spectral variability affects spectral features. 
Chapter 5 describes the development of classification methodologies for algae and 
cyanobacteria using PCA and Soft Independent Modelling of Class Analogy 
(SIMCA). Data from the earlier chapters is used to produce classification models. 
Chapter 6 describes the in-situ field experiments and laboratory simulations used 
to assess the instrument performance. In this chapter the classification methods 
developed in chapter five are tested on real samples, to assess their performance. 
Chapter 7 includes the conclusions resulting from the work and suggests areas of 
further work. 
The Appendix includes full details of the analytical methods used in the thesis, 
technical specifications and operating instructions for the developed instrument. 
1.3 Background to freshwater algal blooms 
1.3.1 Phytoplankton composition and eutrophication 
Algae and cyanobacteria are different in that they represent two distinct groups. 
The cyanobacteria are prokaryotes as are all other bacteria, the algae are 
eukaryotes which includes all non-bacterial organisms. The cells of eukaryotes 
contain a nucleus and other organelles, which are bodies bound by membrane. 
Prokaryotes lack a nucleus, chloroplasts and mitochondria. (Lund and Lund 
1995). 
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Microscopic algae and cyanobacteria are nonnal components of life in natura] 
waters, being important primary producers. The short generation times of many 
algae means they react rapidly to shifts in the environment, with changes in the 
chemical and or physical status of a water body resulting in alterations in the 
species present and their abundance (Reynolds 1994). The composition of 
phytoplankton communities and the relative abundance of component species 
undergo continuous change. These changes range from short-tenn reorganisation 
of the community in response to mixing processes, through to the annual recurrent 
cycle of composition change during the course of the growth season. Figure 1.1 
shows a model of the development of various phytoplankton groups in a typical 
freshwater lake throughout the season (Stewart and Wetzel] 986) . Much research 
has been conducted on the patterns of periodic change of phytoplankton (Harper 
1992). Reynolds (J 998) details much of the theory behind the compositional 
changes . 
Diatoms 
Mixed 
summer 
Cyanobacteria community 
Diatoms 
Autumn circulation 
Green algae t .. j 
Figure 1.1 Model showing the development of various phytoplankton groups 
throughout the growth season (Stewart and Wetzel 1986). 
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In eutrophic and hypertrophic waters domination by large colony forming species 
of cyanobacteria is a common occurrence throughout the summer. Such 
permanent cyanobacterial dominance results in reduction in species diversity 
(Codd 2000) and is regarded as the ultimate phase of eutrophication (Dokulil 
2000). It is well established that high temperatures (>20 DC), combined with 
nutrient abundance, enhance the proliferation of certain cyanobacterial species 
such as Microcystis (Reynolds 1994). Physical factors, such as the size of the 
water body, the extent of mixing and the depth of light penetration also facilitate 
algal blooms. The capacity to fix nitrogen also gives some cyanobacteria a strong 
competitive advantage over other algae (Herath 1997). 
1.3.2 Toxic Cyanobacteria 
About 40 species of cyanobacteria have been listed in the literature as having 
toxic properties. These include the genera Mirocystis, Anabaena, Oscillatoria, 
Aphanizomenon, Nodularia, Cylindrospermum, Cylindrospermopsis and Nostoc, 
(Baker 1994; Codd and Beattie 1991) which have all been confirmed as capable 
of producing toxins. More than 25 species of freshwater cyanobacteria have been 
implemented in poisoning or human illness. 
Toxic cyanobacteria have become an important water quality problem, although 
they have probably been present in water utilised as drinking water sources for 
centuries (Fawell et al. 1993). Poisoning incidences have been reported in 
Australia, South Africa, North and South America, and at least 16 European 
countries, including the United Kingdom, and include deaths of wild animals, 
birds, fish, amphibians and farm stock in addition to human illnesses (NRA 1990; 
Codd 1991; 1992; 1995; 2000; Herath 1997). The dominance of cyanobacteria 
also results in several severe negative effects, such as taste, odour and appearance 
problems in potable water supplies (White et al. 1991). The production of 
trihalomethanes is a further problem (Mouchet and Bonnelye 1998). In natural 
waters reduced transparency, decreased biodiversity, elevated primary production 
and the potential occurrence of oxygen depletion, which may result in massive 
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fish kills, are major concerns (Walsby et al. 1991). Any attempt to control the 
bloom of cyanobacteria by chemical methods may result in a rapid die off and 
release of toxins (Sukenik et al. 1998). This has resulted in increased concern by 
water authorities and utilities, environmental and health agencies and recreational 
water user groups, as they present water treatment, supply, conservation and 
health problems (Codd 2000). 
Figure 1.2 shows two photographs ofblooms in UK freshwater reservoirs used for 
drinking water storage. Blooms such as those shows in Figure 1.2 can result in a 
1000 fold increase in the original Chlorophyll a concentration and represent a 
significant risk if toxins are present. In hypereutrophic waters, such as 
Hartbeespoort Dam in South Africa, Chlorophyll a concentrations can be as high 
as 3000 Ilg rl (Zohary and Roberts 1990). Figure 1.3 shows a photograph of a 
sign at Grafuam Water warning the general public of the dangers from toxic blue­
green algae (cyanobacteria). 
The analysis, purification and characterisation of cyanobacterial toxins forms a 
rapidly expanding area distinctly different from that of bio-optical methods used 
for monitoring algae. (Pierce and Kirkpatrick 2001). Techniques such as High 
Performance Liquid Chromatography (HPLC) (Lawton et ai. 1994), 
imrnunoassays (Metcalf et al. 2000), mass spectrometry and Nuclear Magnetic 
Resonance (NMR) are leading the development in this field, combined with the 
epidemiological studies of poisoning incidents world-wide. 
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Figure 1.3 Photograph of a sign at Grafham Water warning the general public of 
the dangers from toxic blue-green algae (cyanobacteria). 
1.3.3 History and current status relating to algal blooms 
Algal blooms and scums are not a recent phenomenon. Recognition of the toxicity 
of cyanobacterial blooms and scums can be traced in the literature back over 140 
years, with early descriptions near Adelaide in Australia made in the 19th century 
(Francis 1878). Furthermore, in Australia, the names of water courses across the 
country reflect the hazard from cyanobacteria e,g. Poison Waterhole Creek 
(Falconer 2001). 
Freshwater algal blooms have been an important water quality problem in many 
European countries. Belgium, Denmark, Germany, Italy, the Netherlands and the 
United Kingdom have all experienced severe algal blooms (Herath 1997). The 
most widespread recent occurrence of cyanobacterial blooms in the UK occurred 
in the summer of 1989 when 87 % of waters sampled by the National Rivers 
Authority (NRA) had cyanobacteria present and 68 % contained toxins (NRA 
1990). The toxic blooms of 1989 have been reviewed in detail by several authors 
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(Codd 1991; NRA 1990). Between 1991 - 1999 algal blooms affected 2,082 
different freshwater bodies in England and Wales (Environment Agency 2002). 
Further cases which have been reported worldwide include, in 1991 a 
cyanobacterial bloom covering 1000 kIn of the Darling-Barwon River In 
Australia, which at the time was the worlds largest river based cyanobacterial 
bloom, resulting in the death of 10,000 livestock (Baker and Humpage 1994; 
Donnelly et al. 1997). In 1988, contamination of Haparica dam, Bahia, Brazil by 
toxic cyanobacteria resulted in over 2000 cases of human illness and 88 deaths 
(Teixeira et al. 1990). A further recent case of human deaths from cyanobacterial 
toxins occurred in 1996 in Caruaru, PE, Brazil where there were 117 cases and 50 
deaths resulting from cyanobacterial toxin contaminated water used by a dialysis 
clinic (Barreto et at. 1996). 
1.3.4 Safe levels and guidelines 
Unlike toxic chemicals or other microbial species there are no specific regulations 
or legislation stating maximum permitted levels of cyanobacterial cells or toxins 
in either natural waters, used for water storage, or in potable drinking waters 
(Codd 2000). Moves are being taken to derive safe levels to allow scientists 
monitoring waters to assess the risk and implement control plans (Falconer 2001). 
The World Health Organisation (WHO) recently established guideline values for 
safe cyanobacterial contamination levels for both drinking water and recreational 
water exposure (Chorus and Bartram 1999). These guideline values are being used 
in some countries (e.g. Australia, UK) in the day to day management of water 
supply from sources affected by cyanobacteria blooms and also in the assessment 
and management of eutrophic recreational waterbodies (Codd 2000). 
Under the WHO guidelines finished drinking waters have a vigilance level of 200 
cells per mi1lilitre (O.1~g rl Chlorophyll a) and alert levels at 2,000 cells per 
millilitre (l~g rl Chlorophyll a). For recreational waters actual toxicity 
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measurements are not required, because most cyanobacterial blooms are toxic. It 
is therefore assumed that a potential risk is present when high cyanobacterial 
concentrations are present. A guidance level of 20,000 cells per millilitre (10 J1,g r 
1 Chlorophyll a) representing potential skin irritation to bathers and a 100,000 
cells per millilitre (50 Ilg r1 Chlorophyll a) level representing a potential for long­
term illness, where cyanobacteria are the dominate species, was therefore 
proposed (Chorus and Bartram 1999). 
1.3.5 Current monitoring program for freshwaters in the UK 
The Environment Agency has the duty to monitor water quality in England and 
Wales. However, the quality of surface water directive 75/440/EEC (EEC 1975) 
includes no standards relating to algae or cyanobacteria and therefore the 
approach conducted by the Environment Agency is based on water usage risk. 
Waters at high risk i.e. high human contact are chemically monitored for total 
phosphorus in the spring. This is used as an indicator of likely algal levels. Waters 
considered to be of medium or low risk are subject to reactive monitoring, carried 
out in response to land owners, managers of waters and members of the public. 
The extent of this monitoring differs from year to year and region to region. 
Water utilities also monitor algal levels at water storage reservoirs and water 
treatment plants. This allows water managers to assess the success of control 
measures to reduce algal growth and determine if there is a potential problem. 
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1.4 Monitoring techniques and instruments 
1.4.1 Laboratory based techniques 
Algae and cyanobacteria have traditionally been monitored by taking samples 
from the sampling site and examining them in the laboratory. There are two 
commonly used methods for the analysis of algae: microscope evaluation and 
pigment analysis. Microscope evaluation provides a detailed assessment of the 
composition of a sample with the identification of the species present. Cell 
numbers can also be counted to give an estimate of the biomass. Alternatively 
pigment analysis provides a quantitative measure of the algal biomass as 
Chlorophyll a concentration. Pigments are commonly measured in concentrated 
extracts by either absorbance or fluorescence; standard methods for both 
techniques are given by Clesceri et al. (1998). HPLC analysis may be chosen if 
minor pigments are of interest. Methods for HPLC analysis are given by Wilhelm 
et al. (1995). 
Monitoring programs based on these techniques are very costly, especially in 
terms of specialised scientists, who are required to prepare samples and operate 
the analytical instrumentation. Both pigment analysis methods, based on 
extraction and microscope analysis, are extremely time consuming processes. This 
limits the temporal and spatial resolution of monitoring programs. Attempts have 
been made to use automated object recognition for cyanobacterial detection under 
the microscope (Thiel et al. 1995). However, the potential number of species 
makes this an extremely complicated task, which is limited by the need for human 
assistance in preparing samples. The length of time between sample collection, 
analysis and result also presents several potential limitations to laboratory based 
analysis. Pigment degradation, due to sample storage, can have a significant effect 
on the results of pigment analysis and unless preserved, cells may change from 
their original state while in storage. A further issue is the length of time between 
sample collection and gaining the result. Laboratory based methods cannot 
provide the rapid near real-time results that are required by water quality 
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managers, who must implement control measures as early as possible in order to 
control water quality and remain financially effective. 
1.4.2 	 Requirements for the development of a modem instrument suitable for at­
site monitoring ofalgae and cyanobacteria 
It is possible to identify criteria which are important requirements for instruments 
used to monitor algae and cyanobacteria in freshwaters. These criteria should be 
used to assess the suitability of current instruments and aid the development of 
new instruments. 
Key requirements for such monitoring instruments include: 
1) Highly portable with low power consumption. 

2) Simple measurement i.e. no requirement for sample pre treatment and or 

extraction. 
3) Rapid sample analysis (near real-time). 
4) Quantitative measure of the algal! cyanobacteria population. 
5) High accuracy and precision in the measurement. 
6) High sensitivity combined with a wide dynamic range to allow for the 
high concentrations likely to be observed under bloom conditions. 
7) Characterisation of the major genus or class present to detem1ine the 
potential toxin risk. 
8) Easy to operate as will be used by untrained staff in the field. 
9) High versatility i.e. can be used on a boat, on the river flake bank or back in 
the laboratory. 
10) Robust and suitable for field use. 
11) Cost effective relative to laboratory analysis. 
12) Results comparable with other techniques to allow comparisons with old 
data sets. 
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1.4.3 Techniques based on optical properties 
Bio-optically based techniques represent a potential solution to the limitations 
associated with the traditional laboratory based analysis techniques as they have 
the potential to fulfil many of the criteria listed above. A number of bio-optical 
techniques are currently used for monitoring phytoplankton. Cullen et al. (1997) 
and Schofield et al. (1999) extensively reviewed the available techniques and the 
potential from new emerging technologies for marine monitoring. Optical 
techniques can be divided into passive measurements and measurements requiring 
artificial illumination. Passive methods include measurement of above-water 
reflectance using a spectroradiometer (Vila and Abella 1999; Gons et al. 2000 and 
Aguirre-Gomez et al. 2001). Measurements of fluorescence and absorbance 
require a specific artificial light source. Millie et al. (1995a) reviewed bio-optical 
methods for monitoring noxious phytoplankton in aquaculture systems. 
No one technique is suitable tor all applications and each technique has its own 
advantages and limitations. Below is a description of several important techniques 
outlining the advantages and limitations: 
In-vivo fluorescence 
In-vivo fluorescence is the most common method for in-situ monitoring of 
phytoplankton. Fluorescence based methods have seen considerable development 
in both the marine (Vincent 1983; Yentsch and Phinney 1985; Seppala and Balode 
1998; Babichenko et at. 2000) and freshwater areas (Schubert et al. 1989; Lee et 
al., 1994; Asai et al. 2001; Pinto et ai. 2001) since they were first popularised by 
Lorenzen (1966), and Yentsch and Yentsch (1979). 
Fluorescence is an extremely sensitive and selective technique where specific 
pigments such as chlorophyll a or phycobilins can be targeted. These two features 
make in-vivo fluorescence a popular technique. The in-vivo fluorescence 
technique does however have some limitations, the dynamic range of instruments 
is limited due to quenching of the fluorescence signal at high concentrations, 
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which typically occurs around 50 - 100 llg/L Chlorophyll a. Although this is 
variable between instruments it makes fluorescent analysis of highly dense algal 
blooms impossible without dilution of the sample. Calibration of fluorescence as a 
measure of chlorophyll a has been an issue from the early instruments. Studies 
have shown that the relationship between fluorescence and chlorophyll a may 
vary by an order of magnitude because it is influenced by many factors including 
irradiance (Lynch 1999), species composition (Pinto et al. 200 1), nutrient levels 
(Kiefer 1973) and the type of fluorometer used (Loftus and Seliger 1975). 
Consequently, it has been recommended that in-vivo fluorescence can be used 
only as a 'search' method and not as a substitute for an accurate analytical method 
for chlorophyll a (Jeffrey and Mantoura 1997). 
Remote sensing 
Remote sensing plays a major role in phytoplankton monitoring programmes, 
particularly those involved in large scale ocean monitoring. Above water colour is 
determined primarily from reflectance, which is a function of the combined 
scattering and absorption properties of a water column. Remote sensing systems 
can measure chlorophyll a, biomass, Coloured Dissolved Organic Matter 
(eDOM), sediment, chlorophyll a and potential .community classification as 
phycobilin and non-phycobilin containing algae (Schofield et ai. 1999). These 
measurements require in-situ calibration using either fluorescence or absorbance 
analysis to validate the algorithms used to derive these estimates. Remote sensing 
techniques are most suited for large scale mapping for "hot spots" of productivity 
or seasonal change with the oceans. Generally, most freshwaters are too small to 
make remote sensing worthwhile, although success has been made using airborne 
remote sensing to monitor cyanobacteria in inland waters of Australia (Jupp et al. 
1994) and bloom forming phytoplankton in aquaculture impounds (Millie et at. 
1992). 
Several satellite and aircraft based remote sensing systems are currently in use; 
each has distinct spectral and spatial resolution. Two of the most recent satellite 
based systems are Sea-Viewing Wide Field-of-View Sensor (SeaWifs) launched 
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in 1997, which has 8 spectral bands covering key region of the visible and near IR 
spectrum (Hooker and McClain 2000) and the Medium Resolution Imaging 
Spectrometer (MERIS) which was launched in 2000. The main limitations of 
remote sensing techniques are those of cost and interference resulting from clouds 
and other atmospheric signals. The technique is also limited because the signal 
received by the sensors originates from the surface, or just beneath the surface 
(upper 5 meters in chlorophyll rich waters), and consequently a deep maximum 
layer of chlorophyll is not detectable (Jeffrey 1997). 
Flow cytometry 
A flow cytometer can be an extremely powerful tool for the characterisation of 
algal assemblages, with respect to both species composition and physiological 
status (Cullen et al. 1997). A flow cytometer measures physical properties, such 
as forward light scatter and side scatter, as well as fluorescence of chlorophyll a 
and other pigments such as phycoerythrin in particles propelled in a very narrow 
stream (Yentsch et al. 1983). Flow cytometry has been proven to be effective in 
the discrimination and quantifying of different algal groups on the basis of 
scattering properties (i.e. size) and fluorescent properties (Li 1989; Olson et at. 
1989). 
Flow cytometers are however expensive and not suitable for use in small boats. 
These analytical instruments are most suited to a laboratory environment where 
sample preparation is possible. Automation of these expensive and complicated 
instruments is also a major hurdle for real-time monitoring applications. 
In-vivo absorbance 
The in-vivo absorbance technique has been used extensively in oceanography for 
many decades with early work on the influence of photosynthetic pigments on 
ocean colour conducted by Yentsch (1960). The potential to measure the complete 
pigment composition of both photosynthetic and photoprotective pigments 
provides a distinct advantage over fluorescence which, by it nature, is restricted to 
the pigments which fluoresce. Much information can be gained from the 
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absorption at different wavelengths within the visible region of the spectrum to 
include absorbance due to organic matter. Adaptive strategies in response to light 
and nutrients changing the relative pigment composition can also be easily seen 
when using the full spectrum. Such effects are important in the accurate 
monitoring ofphytoplankton in freshwaters. 
There are however, two inherent problems associated with absorbance 
measurements of phytoplankton: lack of sensitivity and high light scattering. 
These two problems have initiated a variety of methods to overcome these 
problems. The lack of sensitivity was overcome by the concentration and 
immobilisation of algal cells on a glass fibre filter, which is then placed in the 
light path of a scanning spectrophotometer. This technique is termed the 
Quantitative Filter Technique (QFT) and was first introduced by Yentsch (1962). 
It allows even the lowest concentration of phytoplankton to be measured simply 
be filtering more sample through the filter. Absorbance spectra generated using 
the QFT method are relatively noise free due to the immobilisation of the sample. 
This allows the successful application of both regression analysis for the 
quantification of pigments and derivative analysis for the identification of minor 
pigment features (Faust and Norris 1985). There are however problems associated 
with the short path length. This method is also far from suitable for the rapid 
automated analysis that is required for freshwater quality monitoring. 
Latimer and Rabinowitch (1956) noted how the selective scattering of light by 
pigments has a marked effect on the in-vivo spectrum. The problem of high levels 
of the incident light from the spectrometer being scattered away from the detector 
was solved using the integrating sphere technique. In this method, the sample was 
placed inside a highly reflective sphere to collect all the scattered light in addition 
to the transmitted light. The integrating sphere technique provides high/sensitivity 
due to the long effective path length created by the highly refle.ctive walls of the 
sphere. However as the pathlength traversed by the beam is not measured, 
accurate quantification is not possible (Merzlyak and Naquil 2000). The scattered 
light from a suspension can also be controlled using the opal glass method 
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(Shibata et at. 1954). In this procedure a diffusing element is put in the light path 
behind the cuvette and in front of the detector, to collect the maximum proportion 
of scattered light in the forward direction to the detector. However, as the 
backscattered light is not collected only an approximation of the true absorption 
coefficient is possible. 
The most recent technique to solve both these inherent problems is the long path 
length absorbance spectrometer (Moore et al. 1992). This method was developed 
from the need for combined sensitivity and rapid analysis. Originally it was 
developed for marine monitoring using internally reflective flow cells of between 
10 - 100 cm to record both scattered and transmitted light and provide sufficient 
sensitivity for unconcentrated natural waters. Instruments based on these 
developments are now available in several fonns, either as portable bench top 
style instruments or as deployable profiling instruments. Long path length 
absorbance spectrometers can be expensive and because of their high sensitivity 
are potentially both too sensitive and have too limited a dynamic range for use in 
freshwaters where high concentrations of phytoplankton corresponding to >100 
IlgiL Chlorophyll a are observed under bloom conditions. 
Full spectral detection provides a further (non-physical) method for solving the 
light scattering problem. Regions of the spectrum, which contain no absorbance 
due to pigments, can be used to correct the spectrum. The most common method 
is the subtraction of the absorbance at 750 nm, away from the visible region ofthe 
spectrum. The highly variable nature of the artefact absorbance at 750 nm makes 
correction only possible where the full spectrum can be instantaneously measured. 
With a scanning spectrophotometer, changes in the scattering can occur while the 
spectrum is recorded, so making the correction inaccurate. 
1.4.4 Currently available instruments for in-situ monitoring 
There are several commercially available instruments for monitoring 
phytoplankton based on either absorbance or fluorescence analysis. The vast 
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imajority of the instruments available are specifically designed for use in the 
marine environment; this is due to the larger and more established commercial I 
market in this area. Several companies have however produced instruments that I 
can also be used for freshwater monitoring. Some commonly used monitoring ! 
instruments are briefly described: 
Wet Labs high spectral resolution absorption and attenuation meter (HiStar) 
HiStar is a submersible spectrophotometer designed for in-situ optical 
characterisation of natural waters. The instrument incorporates two internally 
reflective flow cells of either 100 or 250 mm length and has spectral resolution of 
3.3 nm throughout the visible spectrum (412 - 730 nm) using a tungsten source 
and two Zeiss miniature diode array spectrometers. The instrument is submersible 
to 500 m making it ideally suited to depth profiling in marine waters. Data 
acquisition is via PC and a control program. 
Spectral Signatures ChloroFlow 
ChloroFlow is a monitoring system designed for operation in both marine and 
fresh water. The system uses a 30 cm flow cell arrangement for in-vivo 
absorbance analysis of chlorophyll a between 1-100 Ilg rl. The system uses a 
pump mechanism that can be connected to the ships pump for continuous use. 
Spectral analysis by the onboard computer provides an estimate of the 
concentration of chlorophyll a due to cyanobacteria. This instrument also allows 
correction to be made for high turbidity (Wright 2002). 
bbe Moldaenke Fluoroprobe 
Fluoroprobe is a submersible spectrofluorometer with automatic algal class and 
chlorophyll analysis. The instrument is based on fluorescence excitation using 
five coloured LED's (450, 525, 570, 590 and 610 nm), which target specific algal 
pigments to produce an emission spectrum, which is then compared to a reference 
database of spectra to provide algal classification. The instrument can be used at 
depths of up to 100 meters and has a range of 1 - 200 Ilg rl chlorophyll Q. 
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Turner design Aquafluor 
The Aquafluor is a small handheld fluorometer instrument suited to quick 
measurements away from the laboratory. The instrument measures in-vivo 
chlorophyll a fluorescence and turbidity using a LED (460 nm) and 10 mm 
plastic disposable cuvettes. Detection is possible to I ~g r1 chlorophyll a. Turner 
design also have other fluorescence based instruments, including a flow through 
system for in-vivo analysis designed for analysis of clean waters. These 
instruments are based on a flow cell with LED excitation of chlorophyll a. There 
is the option to detect phycocyanin fluorescence, which can be used as a measure 
of the cyanobacteria concentration. 
Biospherical Instruments Remote Electro-Optical Sensor (REOS System) 
The REOS is an automated water quality monitoring system originally designed 
for monitoring marine phytoplankton but now modified for use in freshwater 
drinking reservoirs. The REOS is composed of an array of optical and electrode­
based instruments deployed on a mooring. The chlorophyll concentration and 
water clarity are monitored with two lightweight underwater radiometers. The 
instruments are designed to measure seven wavebands (380, 412, 443, 490, 510, 
555 nm and natural fluorescence) of downwelling irradiance and upwelling 
radiance. The chlorophyll concentration is measured by natural fluorescence. The 
REOS system is currently deployed in five of Los Angeles, Department of Water 
and Power finished water reservoirs in the United States (White et al. 1991). 
The majority of currently available instrumentation is based on simple optical 
designs using a number of LED's to measure key wavelengths for absorbance and 
or fluorescence with simple single wavelength detectors. The exception are the 
Wet Labs HiStar instrument which uses a white light source and a photodiode 
array detector and the Spectral Signatures ChloroFlow instrument which also uses 
a full spectral detection system. Both these systems are utilising new technologies 
to gather more spectral information. However, although a large amount of spectral 
infonnation is gained by both these instruments, there is only limited analysis of 
the spectral data. Detailed analysis of emission at several wavelengths is 
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Iconducted by the bbe moldaenke Fluroprobe to provide an estimate of the algal 
composition. Such analysis provides a potential area to improve current I
monitoring efforts. The majority of the listed instruments are not designed for " 
rapid portable use; the exception being the Turner design fully portable but only 
provides a semi-quantitative measure of chlorophyll a, due to the poor accuracy of I 
the fluorescence method. I 
1.5 Absorption in the aquatic environment 
1.5.1 The process a/light absorbance 
Absorption in the visible and ultraviolet regions of the electromagnetic spectrum 
results in electronic transitions between molecular orbitals. Absorption occurs 
because molecules possesses electrons, which can be excited (raised to a higher 
energy level). This is shown in Figure 1.4. 
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Figure 1.4 The absorption of chlorophylls. A) Energy level diagram, showing 
spectral transitions (vertical arrows). B) Absorption spectrum corresponding to 
energy levels of part A. This spectrum is turned 90° from the usual orientation in 
order to show the relationship to the energy levels (Round and Chapman 1986). 
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The changes in energy, as transition occurs, are relatively large and result in 
simultaneous rotational and vibrational energy changes. Molecules at room 
temperature are in the lowest possible energy state and probably the lowest 
vibrational level (ground state). Absorption of energy leads to electrons moving to 
one of several vibrational levels within the excited state, at an energy level of 
greater energy than the ground state. As any change in the electronic energy is 
accompanied by a corresponding change in the vibrational and rotational energy 
levels, there are a large number of possible exits which exist within each 
electronic state. This results in the broad absorption bands commonly seen in the 
visible and ultraviolet regions. The resulting absorption spectrum is dependent on 
the structure of the compound being analysed (Ingle and Crouch 1988). 
1.5.2 Light absorbing components 
Pure water itself absorbs only very weakly in the blue and green regions of the 
spectrum, but the absorption increases above 550 nm and is more significant in 
the red region. The major light absorbing components of the aquatic system are 
the pigments associated with algae and cyanobacteria and water-soluble humic 
substances termed gilvin, yellow substances or gelbstoff. 
Algal pigments 
Pigments located within cells capture light for photosynthesis and contribute to 
the absorption of light through the water column. Photosynthetic and 
photoprotective pigments absorb Photosynthetic Active Radiation (PAR) 400 ­
700 nm, at specific wavelengths, resulting in a continuous absorption spectrum 
with peaks and troughs. There are three chemically distinct classes of pigments 
found in algae and cyanobacteria. These are the chlorophylls, the carotenoids and 
phycobiliproteins. 
The chlorophylls are cyclic tetrapyrrol compounds with a magnesium atom 
chelated at the centre of the porphyrin ring system shown in Figure 1.5 (Kirk 
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1994). There are several forms of chlorophyll; termed a, b, c and d. Chlorophyll c 
has several forms referred to as Cj C2. All algae contain chlorophyll a as a large 
fraction of their photosynthetic pigments as it is essential for converting the 
energy of the electromagnetic radiation to the thermo chemical energy driving the 
biochemical processes of photosynthesis. Chlorophyll pigments produce 
degradation products. The most common are the Mg-free derivatives, pheophytin 
or pheoporphyrins, which form rapidly when the pH is lowered. Loss of the 
phytyl chain by hydrolysis is another common degradation route, forming 
chlorophyllide. When both phytyl chain and Mg are lost, the product is 
pheophoride (Rowan 1989). 
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Figure 1.5 Chemical structure of chlorophyllous pigments. A) Phorbin. The basic 
nucleus of the chlorophyllous pigments, showing the numbering system used and 
the fifth exocyclic ring. B) Chlorophyll C1 (R1 = Et; R2 == CH=CH-C02Me), 
chlorophyll C2 (R1 = CH=CH2; R2 == CH==CH-C02Me), and MgDVP (R1 == 
CH=CH2; R2 = CH=CH-C02H). C) Chlorophyll a (R1 == CH=CH2; R2 = Me), and 
chlorophyll b (R1 == CH=CH2; R2 = CHO) (Rowan 1989). 
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The carotenoids are C40 isoprenoil compounds, which are very numerous, with 
over 400 known in plants, fungi and animals (Rowan 1989). The carotenoids are 
compounds composed of two small six carbon rings connected by a chain of 
carbon atoms as shown in Figure 1.6 (Rowan 1989). There are two types of 
carotenoids, the carotenes and the xanthophylls. The carotenes are hydrocarbons 
and are few in number and include a and ~ carotene. The xanthophylls make up 
the vast majority of carotenoid pigments and differ from the carotenes by the 
presence of at least one atom of oxygen in the molecules. Examples include 
zeaxanthin, lutein and fucoxanthin. Carotenoids are known as accessory pigments 
as they have the ability to transfer absorbed energy to chlorophyll a to increase 
photosynthetic production. Some carotenoids have a photoprotective function, 
protecting the chlorophyll pigments against photo xi dation (Pearl 1994). Such 
pigments do not transfer absorbed energy to chlorophyll a. Examples include 
alloxanthin, diatoxanthin and zeaxanthin. 
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Figure 1.6 The chemical structure of carotenoids found in algae (Rowan 1989). 
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The phycobilioproteins are open chain tetrapyrrole compounds. Unlike 
chlorophylls and carotenoids they are covalently bound to their proteins and are 
therefore found in the cytoplasm, or in the stroma of the chloroplasts, and are 
water soluble, see Figure 1.7. There are four major types of biliproteins: 
phycocyanin, phycoerythrin, allophycocyanin and phycoerythrocyanin. 
The phycobilioproteins form the light harvesting pigments in the Cyanophyceae, 
Rhodophyceae, and Cryptophyceae. As well as absorbing incident light directly, 
phycobilioproteins also transfer energy with the phycobilisomes; phycoerythrin> 
phycocyanin > allophycocyanin. The phycobiliproteins are composed of a 
number of subunits, each having a protein backbone to which linear tetrapyrole 
chromophores are covalently bound. All phycobiliproteins contain either 
phycocyanobilin or phycoerythrobin chromophores, and may also contain one of 
three minor bilins, each of which has unique spectral characteristics (Rowan 
1989). 
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Figure 1.7 Chemical structure of Phycocyanin, the most common 
phycobilioprotein in cyanobacteria (Rowan 1989). 
26 
., 

Gilvin 
Gil vin, also referred to as yellow substance, is the general tenn used to describe 
water-soluble humic substances extracted from soils as rainwater drains into rivers 
and lakes. Gilvin has a yellow colouring resulting from presence of multiple 
double bonds, many of them conjugated, some in aromatic nuclei (Kirk 1994). 
The numerous chromophores present in humic substances result in many 
vibrational levels within the excited state. The absorption spectrum therefore 
consists of broad absorption bands, combining to fonn a rather indiscriminate 
featureless absorption spectrum in the ultraviolet and visible regions, Figure 1.8. 
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Figure 1.8 Gilvin absorbance spectra from Australian waters measured in 5 and 10 
cm path lengths relative to distilled water. Data presented as absorbance for 1­
meter path length (Kirk 1976). 
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Typical humic substance absorption spectra show exponentially increasing 
absorbance with decreasing wavelength, with absorption being very low at the red 
end of the visible spectrum and very high in the ultraviolet region (Bricaud et al. 
1981; Kirk and Oliver 1995). Nearly all natural waters contain significant 
quantities of dissolved yellow substances. In marine waters dissolved colour is 
generally very low. However in freshwaters, levels can be much greater and have 
a profound effect on the optical properties, reSUlting in the distinct brown colour 
of humic lakes (Davis-Colley and Vant 1987). 
1.5.3 In-vivo absorption properties 
The absorption spectra of photosynthetic algae and cyanobacteria are complex, 
characterised by a continuous envelope, which is the result of the overlapping 
spectral bands of the many pigments (Kirk 1994). The shape of the spectrum in 
the visible region is heavily influenced by the chlorophyll pigments. These 
pigments absorb heavily at two points in the spectrum, the Soret and a bands. The 
Soret band refers to a very strong absorption band in the blue region of the 
spectrum of a heme protein. The a band refers to the absorbance peak in the red 
region of the spectrum and generally shows lower absorbance. Several factors 
make the in-vivo absorbance spectrum very different from that of pigments 
extracted and isolated in solution. Two fundamental processes are the 
hypsochromic shift and the packaging effect. 
Hypsochromic shift 
Pigment absorption properties for whole cells recorded in-vivo are substantially 
different from those recorded by extraction of pigments into organic solvent 
(Doucha and Kubin 1976). Lipophilic pigments isolated in organic solvents 
undergo a hypsochromic shift in the location of the absorption peaks to a lower 
wavelength. This is a result of the dissociation of the pigments from the protein 
they are associated with in-vivo (Smith and Albert 1994). The degree of the 
wavelength shift between in-vivo and extracted spectra is different for each 
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pigment and also vanes depending on the solvent used. This fundamental 
difference means that the absorption spectra of pigments separated in organic 
solvents cannot be used to identifY the absorption features in in-vivo spectra. 
Attempts have been made to correct extract spectra for the hypsochromic shift and 
use corrected values for feature identification (Bidigare et at. 1990). However 
there are doubts over the accuracy of such corrections. Wavelength shifts and the 
complex continuous nature of the in-vivo spectrum, makes the identification of 
individual pigments very challenging. Consequently, the in-vivo absorbance 
technique provides the best measure of the true absorbance. 
The packaging effect 
The packaging effect, also known as the flattening effect, refers to the 
consequence of enclosing pigments in cells, where the pigment molecules alter the 
light incidence on adjacent molecules (Duysens 1956). This forms a very 
important feature of in-vivo absorbance as the absorption efficiency of pigments 
in cells decreases compared to the absorption potential for the same molecule in 
solution (Cleveland 1995). The degree of the flattening effect to the spectrum can 
be seen when the same volume of pigment is both extracted in a solution of 
organic solvent and the cells are ultrasonicated as shown in Figure 1.9. I 
The packaging effect is proportionally greatest when the absorption is strongest 
and therefore results in the flattening of the peaks (Kirk 1994). Consequently, due 
to the lower absorbance at the a band of chlorophyll a (680 nm) compared to the I 
Soret band (440 nm) there is less of a flattening effect (Duysens 1956). 
Normalisation to the a band can therefore be used to remove some of the effects 
of the packaging. 
The package effect is influenced by the chlorophyll concentration per cell. As the 
volume increases, the absorption efficiency of each molecule (i.e. the specific 
absorption coefficient) decreases due to the effect of molecules altering the 
incident light on adjacent molecules (Duysens 1956; Kirk 1994). In the same way 
a decrease in pigment per cell volume, which may occur when cell pigments 
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concentrations decrease or cell SIze decreases, results in increased absorption 
efficiency (Cleveland et at. 1995). Specific absorption coefficients vary, as 
internal pigment concentrations vary, as a result of photoadaptation, nutrient 
limitations or from changes in cell volume (Yentech and Phinney 1989). 
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Figure 1.9 Absorbance spectrum of whole cells of Euglena gracilis compared 
with the same number of disrupted cells, in which the absorbance is essentially 
due to thylakoid fragments (Kirk 1994). 
As a result of these processes two species of phytoplankton, which have the same 
array of pigment-proteins, and consequently the same absorption spectrum at the 
thylakoid level, will not necessarily have the same absorbance spectrum when 
measured in-vivo. Figure 1.10 shows the in-vivo absorbance spectra for three 
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Therefore, chlorophyll a is of no value in taxonomy, although as the major 
pigment it is commonly used as a measure of biomass. Chlorophyll b is found in 
the Chlorophyta class within the eukarotic algae and can therefore be used as a 
biomarker for distinguishing Chlorophyceae. Chlorophyll c is found is several 
forms in the Bacillariophyceae, Dinophyceae and Cryptophyceae and can be used 
as a biomarker to these classes (Rowan 1989). 
Table 1.1 Summary of the pigment composition of the three algal classes studied. 
Class 
Blue-green 
(Cyanobacteria) 
Chlorophylls 
Chlorophyll a 
Carotenoids 
~-Carotene 
Echinenone 
Myxoxanthophyll 
Zeaxanthin 
Phycobiliproteins 
Phycocyanin 
Phycoerythrin 
Allophycocyanins 
Green algae 
(Chlorophyceae) 
Chlorophyll a 
Chlorophyll b 
~-Carotene 
Zeaxanthin 
Lutein 
Violaxanthin 
Neoxanthin 
Diatoms 
(Bacillariophyceae) 
Chlorophyll a 
Chlorophyll c 
~-Carotene 
Neoxanthin 
Diadinoxanthin 
Fucoxanthin 
(Rowan 1989; Kjrk 1994) 
A great number of carotenoids are found within eukarotic algae and 
cyanobacteria. These can be divided into two types, the carotenes of which. ~ 
carotene is the most common and the xanthophylls, some of which can be used as 
diagnostic marker pigments. For example, zeaxanthin is found only in 
cyanobacteria, lutein only in Chlorophyceae and fucoxanthin and diadinoxanthin 
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only in the Bacillariophyceae (Rowan 1989). The presence or absence of these 
xanthrophyUs provides a valuable method of assigning algae to classes. 
The phycobiliproteins dominate the pigment systems of the Cyanobacteria and 
Rhodophyceae. Phycocyanin occurs in several forms; C-phycocyanin is 
commonly found as the main accessory pigment in cyanobacteria and is often in 
greater concentration than chlorophyll a. Phycoerythrin also occurs in several 
forms and is a major accessory pigment in the Rhodophyceae classes, but is 
commonly absent or in very low concentrations in Cyanobacteria. Phycocyanin 
can be used as a diagnostic marker for cyanobacteria in fresh waters where 
Rhodophyceae are rarely observed. 
The variety and specific spectral characteristics of algal pigments make their use 
in determining algal composition and production in natural waters possible (Kirk 
1994). In-vivo absorption spectra accurately depict the variability in pigmentation 
within algae and cyanobacteria, thereby providing an optical signature or 
fingerprint for algae having distinct pigmentation. Variation in the spectrum of 
light absorption by algae can be used to provide information about major pigment 
groups and as a diagnostic tool for distinguishing phytoplankton taxa. 
1.6 Data analysis techniques used with absorbance spectra 
The application of multivariate / chemometric methods to algal absorption spectra 
is not a new concept. Several authors, in analysing marine algal spectra, have used 
multivariate techniques. Such spectral analysis techniques have been used to a 
much lesser extent in the freshwater field, although multivariate methods have 
been applied to the analysis of algal spectra generated from other analytical 
techniques. Multivariate techniques are ideal for analysing algal absorption 
spectra because of the complex nature of the absorption, resulting from the many 
and varied pigments and overlapping absorption bands, which consequently 
makes identification of specific features difficult. 
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1.6.1 A review ofmethods applied to in-vivo absorbance data 
Derivative analysis 
The concept of calculating the derivative of the absorbance spectrum of natural 
pigments was first introduced by Butler and Hopkins (1 970a; 197Gb) for the 
analysis of algal chloroplast pigments. It was found that by using a high order 
derivative, such as the fourth derivative, the spectral resolution could be 
effectively improved to provide information on small features, not clearly visible 
in the original zero order spectrum. More recently, this technique has been used 
by a number of authors to improve the information gained from in-vivo 
absorbance spectra. Bidigare et al. (1989) used both second and fourth derivative 
techniques to analyse in-vivo absorbance spectra from the Western Sargasso Seas 
(Figure 1.11). As the spectra were recorded using the QFT, noise levels were 
relatively low and the method was successful as an alternative method for 
separating the absorbance of different pigments and detrital matter, without 
physical separation. However, due to the comparatively low resolution of the 
spectrometer used, the amount of information that was be derived from the 
absorbance spectrum was limited. 
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Figure 1.11 Representative spectral absorption curve and corresponding second 
and fourth derivatives. The arrows indicate the derivative position for the major 
phytoplankton pigments (Bidigare et al. 1989). 
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Smith and Albert (1994) examined the in-vivo absorption features of three classes 
of marine macro algae using fourth derivative analysis. This paper documents 
some of the major pigment features found in both the zero order original spectrum 
and the corresponding features in the fourth order spectrum. Subsequent work in 
this area refers to the paper by Smith and Albert (1994) for the identification of 
spectral features. The fourth derivative technique was also used by Millie et at. 

(1995b; 1997) as a spectral enhancement technique for the analysis of Gymnodium 

breve in combination with the QFT. Roelke et ai. (1999) also used fourth 

derivative analysis as a spectral processing technique to increase the available I. 

information. 

Discriminate analysis 

Multivariate methods based on discriminate analysis have been used by several 

authors for detailed examination of in-vivo absorption spectra. Laboratory based 

studies on marine algal species suggest that it is possible to partially discriminate 

between major algal groups. Johnsen et ai. (1994) recorded in-vivo absorption 

spectra of 31 laboratory grown species of marine bloom forming phytoplankton, 

covering 10 classes, using the QFT with a Hitachi 150-20 spectrophotometer. By 

detailed multivariate analysis of log transformed and normalised absorbance 

spectra using stepwise discriminant analysis, Johnsen was able to classify samples 
based on their accessory pigments and related absorption features (Figure 1.12). 
Classification rates as high as 99% were suggested possible using only five 
selected wavelengths. However, validation was performed using the same samples 
as used to produce the class models. Consequently, it is highly unlikely that 
classification rates of this level would be possible with natural samples. 
Millie et al. (1995b) reported the use of a similar technique for the analysis of 
batch cultures of Gymnodinium breve, a toxic red tide dinoflagellate. Again the 
QFT was used in conjunction with stepwise discriminate analysis to identify 13 
key wavelengths of which 6 (400, 541, 546, 509, 673, 663 nm) gave 100 % 
classification. This paper also noted the effects of irradiance on the absorbance 
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spectra to be significant. Unlike the earlier work of Johnsen et al. (1994), this 
study focused on one problem species, thereby simplifying the data analysis. 
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Figure 1.12 Discrimination scores for 31 species of marine phytoplankton from 10 

classes grown under both high and low light conditions. The spatial relationship 

shows the major accessory pigmentation of the species. Letters refer to the [ 

individual species (Johnsen et al. 1994). 
 ~ 
Millie et al. (1997) reported the detection of Gymnodinium breve in mixtures of 
other microalgae, using absorption signatures generated using the QFT. I 
Hypothetical assemblages were generated (Figure l.13), using absorbance spectra I 
of C. gracile, H. pygmae, and P. parkeae from the results of Schofield et al. 
(1990; 1996), where the contribution of Gymnodinium breve to the total 
absorption ranged from 0-100 %. Millie et al. (1997) found that the absorption 
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I properties of chlorophyll c containing algae vary little among taxa. Consequently, 
it was suggested that it might not be possible to identify the contribution of ! 
450 500 550 
1:'.li.~? 
chlorophyll c containing algae using absorption alone. The use of hypothetical 
[ . 

assemblages generated using absorbance spectra from other references however 

put doubts on this early work on the analysis of mixtures. 
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Figure 1.13 Spectra generated from hypothetical mixed assemblages containing 
Gymnodinium breve (Millie et al. 1997). 
Roelke et ai. 1999 used both discriminant and fourth derivative analysis with 
high-resolution spectra. In this paper five taxonomic classes are considered, green 
algae, cyanobacteria, noxious dinoglagellates, diatoms and other chrysophytes. 
All the species were marine orientated. Spectra from these classes were obtained 
from nine references published between 1983 and 1997, using both suspension 
and QFT. Discriminant analysis was performed on 40 spectra with 211 
wavelength variables between 440 - 650 nm. Classification rates were noted to be 
nearly as good for nine key wavelengths as the full 211. The addition of noise to 
the spectra to simulate a natural sample resulted in a significant reduction in the 
classification rate from 100 % with a Signal: Noise ratio of 35:1 falling to less 
than 50 % at 5: 1. 
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Kirkpatrick et al. (2000) applies the discriminant analysis methodology to natural 
mixed populations containing G. breve. This paper uses the established QFT 
technique but is the first to introduce the concept of new technology with the use 
of an Ocean Optics CCD detector and a prototype Liquid Waveguide Capillary 
Cell (L WCC) of 0.5 m. These two techniques are compared and although the QFT 
was considered to be far more robust with better results, the CCD and L WCC 
instrument in its prototype form provides great potential for real time monitoring. 
The use of multivariate techniques for in-vivo absorbance monitoring of algae has 
focused on seawaters, particularly the identification of problem species. Other 
techniques have been combined with multivariate methods for algal classification 
and discrimination of freshwater algae and cyanobacteria, as well as other marine 
species. 
1.6.2 Other techniques using multivariate data analysis 
Kansiz et al. (1999) applied chemometric methods for the discrimination of 
cyanobacterial and green algal strains using Fourier transform infrared micro­
spectroscopy. In this paper five common bloom forming freshwater cyanobacteria 
and a green alga are compared. PCA combined with SIMCA classification and K­
Nearest Neighbours of raw spectra and derivative spectra, proved that it was 
possible to discriminate between different cyanobacterial taxa, even down to 
strain level, with correct classification of up to 100 %. 
Wu et al. (1998) used Resonance Raman Spectra excited by visible light for the 
differentiation of algal clones. Fourteen algal clones belonging to four different 
classes, including clones ofPseudo-nitzschia (Bacillariophyceae), were examined. 
Similarities and differences among spectra due to differences in the carotenoid 
composition were analysed using PCA, resulting in distinct clustering and the 
ability to classify Pseudo-nitzschia clones, although it was not possible to 
distinguish toxic from non-toxic clones based on the spectra. 
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1.7 Direct read-out spectroscopy 
Miniature fibre optic CCD based spectrometers have revolutionised spectroscopic 
detection due to their instantaneous capture of full spectra with high speed, 
sensitivity and low noise, combined with compactness, low cost and robustness 
(De Goy 1998; Smith 2000). These detectors are ideal for use in portable 
spectroscopic instruments, where robustness and compactness are key 
requirements but high quality spectral data is also required (Morris 200 1). The 
full spectral nature of data from CCO detectors lends itself to be used in 
chemometric techniques for multi -component analysis. 
Miniature spectrometers based on photodiode and CCD technology were first 
developed in the late 80's and early 90's. In 1992 the worlds first miniature fibre 
optic spectrometer was developed by Ocean Optics Inc. At the time this miniature 
spectrometer was nearly a thousand times smaller and ten times less expensive 
than previous systems. Since then many miniature spectrometers using both CCD 
and photo diode array detectors have been introduced by companies worldwide. 
Miniature spectrometers are now used in a wide range of fields including 
industrial process control, medical diagnostics, astronomy and environmental 
monitoring. 
Direct read-out spectrometers use a diffraction grating to split white light into its 
individual wavelengths. Mirrors are used to collimate the light onto the grating 
and onto the photosensitive array. These optical components are fixed in place 
during manufacture and have no mechanical movement during operation. 
1. 7.1 Charge-coupled devices 
Since its invention in 1970 by Boyl and Smith, the CCD has revolutionised image 
capture, providing outstanding sensitivity, high speed, low noise, ruggedness, and 
durability within compact and economic packages. CCDs are solid state detectors, with 
semiconductor architecture, in which the charge is read out of storage areas. The ceo 
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architecture performs three basic functions: i) charge collection, ii) charge transfer, iii) 
the conversion of charge into a measurable voltage. CCD array detectors comprise of 
individual pixel elements. They are defined by metal-oxide-semiconductor (MOS) 
capacitors, known as gates. By changing the gate voltage, charge can be either stored or 
transferred (Holst 1998). The simplest form ofCCD is in a one dimensional linear array 
comprising a single line of square pixels. The number of pixels determines the number 
of individual data points recorded and combined with the imaging optics determines the 
optical resolution. 
Working principle of a linear CCD 
The eight numbered pictures in Figure l.14 give a diagrammatic representation of 
how a linear one dimensional CCD operates. The individual, frames 1-8, follow 
the sequence of events in the operation of the CCD. The coloured bar at the top of 
each figure represents the incident light across the visible region of the spectrum. 
In the first stage of the process (1), the light impinges on the photodiodes that 
form the CCD array. The photodiodes are reversed-biased so discharge a capacitor 
at a rate proportional to the photon flux. On Figure 1.14 the charge of the 
capacitors is represented by the top row of red/yellow boxes; the charge builds up 
(2 - 3) until the integration period of the detector is complete. At this point (4), a 
series of switches closes and transfers the charge to a shift register, shown on 
Figure 1.14 as the bottom row of blue/red boxes. When this is complete (5) the 
switches open and the capacitors attached to the photodiodes are recharged and a 
new integration period begins. At the same time, the light energy is being 
integrated, the data is read out of the shift register by an Analogue to digital (AID) 
converter (6 - 7). The digital data is then displayed on the computer (8) and can be 
processed to give absorbance values if required. 
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Figure 1.14 Diagrammatic representation of how a CCD spectrometer works. See 
text for description of steps 1-8. 
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1.8 Virtual instrumentation 
National Instruments LabVIEW is a universal programming language. LabVIEW 
is a powerful tool for scientists who work in research and development and need 
to quickly develop control programs for instrument and data acquisition, which 
have the flexibility to allow further modification and adaptation in their prototype 
form. 
1.8.1 The concept ofLab VIEW 
Programs in LabVIEW are written in G, a graphical programming language based 
on a modular approach. In G, instructions are executed via data flow, unlike in 
conventional programming, where instructions are executed in the sequence in 
which they are written. Programs written in G are called virtual instruments (VIs); 
these are hierarchical in nature and can be used as top-level programs or as 
subprograms (sub VIs) within another program. 
A VI consists of an interactive user interface (front panel) and a data flow diagram 
(source code). The front panel is like the user interface of a physical instrument 
and forms a combination of controls and indicators; this panel is one of the main 
differences between Lab VIEW G and other programming languages. Controls on 
the front panel simulate instrument input devices and supply data to the block 
diagram. Output devices such as graphs display data acquired by the block 
diagram. The data flow diagram contains the G programming, as graphical 
representation of traditional programming language functions. Within the program 
sub VIs performing individual tasks are connected by wires, which form the data 
paths between the individual elements. Loops, case structures and other functions 
used in traditional programming languages are represented graphically and are 
wired into the other program elements. 
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II The combination of the modular approach to programming in G and the graphical 
user interface allows the user to design a program in considerably less time than 
with a conventional language. 
1.9 Summary 
Freshwater cyanobacterial and algal blooms represent a major environmental and 
water quality problem worldwide. Consequently, there is a pressing need for 
instruments, which provide near real-time analysis of algal levels and 
composition, to monitor waters prone to blooms of cyanobacteria and algae to 
allow water managers to implement control measures. At present monitoring is 
conducted, on a reactive basis to bloom incidents, using laboratory based 
techniques, which have significant limitations in both their cost and time required 
for analysis. Bio-optical methods, when combined with recent developments in Ioptical sensing technology, represent a potential solution to many of the current 
problems. 
Recent developments in instrumentation for determining the optical properties of 
aquatic environments have seen the incorporation of some new technologies to 
provide more information. The rapid advancement of optical sensing components 
such as the CCO detector, miniature combined UV visible lamps and instrument Icontrol software provide a real solution to many environmental monitoring 
problems. The combination of new optical and instrumental control advances, 
when used in conjunction with advanced data analysis techniques, which utilise 
modem computing power, allow the capture, rapid analysis and interpretation of I 
detailed optical information at-site in near real time. This has the potential to 
provide a distinct advantage to environmental scientists allowing rapid detailed I 
assessment ofthe environmental condition not previously possible. 
The proposed research will therefore apply new technologies and data analysis 
techniques to provide several advantages over the currently available instruments: 
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1. 	 Fully portable instrument, for use in the field or laboratory. 
2. 	 Non-invasive measurement of in-vivo absorbance spectra at a very high 
resolution. 
3. 	 Near real-time accurate quantification of chlorophyll a concentration, 
validated using standard extraction method. 
4. 	 Near real-time classification of the sample, to provide information on the 
major class present. 
5. 	 A cost effective monitoring tool compared to standard laboratory methods. 
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CHAPTER 2 
INSTRUMENT DESIGN, CALIBRATION AND CHARACTERISATION 
2.1 Introduction 
This chapter is in two sections. Section A describes the construction of a CCD 
based portable spectrophotometer used to measure the in-vivo absorbance of 
suspensions of algae and cyanobacteria. Section B describes the comprehensive 
calibration and characterisation of the developed instrument. 
The instrument was designed to be suitable for both routine monitoring in the 
field and research applications of freshwater environments. The concept behind 
the instrument was to incorporate new technologies in miniature CCD based 
detection and compact ultraviolet and visible light sources into a fully portable 
instrument, which is controlled using a laptop computer. An immersion probe was 
used in preference to the conventional flow cell arrangement. This had the 
advantage of being a simple sampling device, removing the need for a pump and 
flow cell which increases the instrument size and power requirement and which 
are inherently difficult to keep optically clean. A specifically Mitten program 
controls the instrument. Within the program, the in-vivo absorbance spectrum can 
be saved as a text file, which is fully compatible and easily accessed by other 
statistical software for further analysis. 
45 !i:j 
J 
I 
--------
2.2 Section A - Instrument design and construction 
2.2.1 Hardware 
The hardware of the instrument consists of four major components: i) Light 
source, ii) Immersion probe, iii) Spectrometer, and iv) Computer with data 
acquisition card. Figure 2.1 shows the linkage between the major hardware 
components of the instrument. The data flow is two way between the 
spectrometer, data acquisition board and computer, as the spectrometer requires 
specific commands to acquire data, which is then fed back to the computer. The 
lamp unit is controlled using switches, which control the power supplied to the 
unit. The light source, dip probe / sample and spectrometer are linked using 
optical fibres. 
Control ~ 
program 
Computer 
B 
Light Spectrometer <.-_-_-.::>-JI I Data acquisition board 
source 
A = Direct connection inside computer 
B =Ribbon cable (50 way) 
Immersion probe 5V DC to spectrometer 
C = Wire connection 12V DC 
D = Optical Fibre 
Figure 2.1 Schematic diagram of the linkage between the major instmment 
components. 
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The individua l instrument components arc all hOllsed in a protective metal box 
except the immersion probe, wh ich is attached to the box but is located out ide of 
the main uni t to allow for movement of the pr be to the sample. The instrumcn t 
box measures 280 (J ,) mm x 205 (W) mm x 65 (11) mm. f igure 2.2 sh ' the 
c mplete instrument with the cover rcm ved to how the layout [ the indi vidual 
components. 
G 
- ~, 
Figure 2.2 Photograph of complete instrument with cover removed (top view) . 
A. Battery, B. Lamp and shutter switch s, C. Spectrom ter, D. V-visible lamp, 
E. Imm rsion probe and optica1 fibre cabl , F. Laptop computer with control 
software, G. Data acquisition card and c nnecting cable. 
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Light Source 
A miniature UV - visible light source covering the wavelength range 200 - 1100 
nm, (Fiberlight DTM611, Heraeus Nobelight Ltd, Cambridge, UK) was used in 
the instrument. The unit incorporates a miniature Deuterium lamp; an electron­
less high frequency excited gas discharge lamp, and a Tungsten lamp in a shine 
through arrangement. This provides a line free continuous spectmm from 200 ­
1100 nm. The lamps can be switched on loff independently and a shutter closed 
for zero point correction using switches located on the back of the instrument 
case. Specifications for the lamp unit are listed in Table 2.1. The lamp unit is 
connected to the optical fibre via an SMA 905 connector. By using both 
deuterium and tungsten lamps the lamp intensity shown in Figure 2.3 remains 
high within the ultraviolet, where a tungsten lamp alone would produce no light. 
This means that that absorbance measurements can be made across the full 
ultraviolet and visible range. The intensity of the lamp spectrum is important 
when absorbance is to be measured as the intensity of the incident light 
detelmines the signal to noise ratio. 
Table 2.1 Manufactures specifications for the miniature UV-Visible lamp. 
------------.------------------------~-.--.__.--------­Parameter Specification 
---_.­
Power input Approx. 6 W 
Dimensions 157 x 55 x 37 mm (L x W x H) 
Weight 190 g 
Deuterium lamp: 
Spectral range From 200 to 400 nm without spectral lines 
Power input Approx. 3 W 
Intensity (radiance) >4~W I mm2 I sr at 250 nm 
Stability <1 x 10-3 AU 
Drift <0,25%/h 
Tungsten lamp: 
Spectral range 400 to 1100 nm 
Power input 5 V DC. 145 rnA DC 
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Figure 2.3 Lamp intensity spec trum from the miniature UV-visible source. 
Immersion Probe 
An immersion probe (Angl ia Instruments Ltd, Cambridge, UK) was used as the 
sampling dev ice for the instrument. The probe is arranged with seven bundled 
light fi bres, six co llecting the light from the miniature lamp and one-read fib re in 
the centre of the bundle collecting the transmitted light back to the spectrometer. 
The fibres each have a 200 )..1m core diameter and are protected by a Te flon inner 
tube and flex ible chrome plated brass outer tubing. The lotal length of the fib re 
bundle and probe is 2 meters. 
During operation light passes down the six light fibres from the lamp to the probe 
tip. The light travels th rough the sample, renects off a back surface mirror and 
then passes back through the sample to a single-read ribre located in the centre of 
the fibre bundle to the spectrometer. The total optical path length is two times the 
distance between the end of the fibres and the back surface mirror, as the light 
travels thi s di stance twice. The probe tips are interc hangeab le and provi de a range 
of total optical pa th lengths of 5 and 10 mm. A 40 mm probe tip was also 
designed and constructed in hOll se. A highly rencctive enhanced alumi nium 
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coated mirror, 6 mm diameter, 1.2 mm thick (Comar Instruments, Cambridge, 
UK) was used as the back reflective surface. 
--h 95.0 1 
-----------------. 
5.~ 
End view ~ a 
n 

Top view 
135.0 
5.0 
8.0t 
2.5 L~15.5 
12.0! 8.0 b 
1.0I. 15.q .1 
18.0 
~ C 
a. 5mm path length probe tip 
b. I Omm path length probe tipI. I~I .1 
c. 40mm path length probe tip 25.0 Unitmm 
Figure 2.4 Technical drawing of the immersion probe and 5, 10 and 40 rnm tips. 
IImmersion probes provide a low light transmission to the spectrometer due to the 
non-collimated diverging light and the small diameter of the read fibre, effectively 
acting as an entrance slit. Therefore, a large proportion of the incident light that 
reflects off the back surface mirror falls outside the small diameter of the read 
fibre (Schatz et al. 2000). However, because this loss is constant it has no 
detrimental effect to the absorbance measurement. 
I 
Spectrometer 
The spectrometer used in this instrument was an Ocean Optics S2000 miniature Ispectrometer (Anglia Instruments Ltd, Cambridgeshire, UK). It consists of a 
linear CCO array covering the UV-visible region. Figure 2.5 shows a schematic 
diagram of the spectrometer optical bench arranged in an asymmetric Czemy­
Turner configuration. The optical assembly included a 25 !lm slit, two spherical 
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mirrors and a flat holographic grating with 600 lines mm-1 blazed at 400 nm 
working with first order refracted light, enabling a spectral range of 200 - 880 nm. 
Mirror
'-------­
Mirror 
i 
Fibre optic coupling 
Figure 2.5 Schematic diagram of the S2000 optical bench. 
The S2000 miniature spectrometer uses a Sony ILX51 1 CCD. The ILX511 is a 
rectangular reduction type CCD linear image sensor designed for scientific optical 
measuring equipment. The sensor consists of an ultra-high sensitive array of 2048 
effective pixels, each 14 )1111 x 200 .urn and a built in timing generator and clock 
drivers with a maximum clock frequency of 2 MHz. The array shows high 
quantum efficiency across the UV/visible spectral range. The fixed well depth of 
approximately 160,000 photons provides greater sensitivity and shorier 
integration times than deep well CCD' s. (Specification sheet ILX511 2048-pixel 
CCD Linear Image Sensor Sony UK). 
The relationship between the pixel number and the wavelength is determined by a 
second order polynomial Ap =: I + CIP + C2p2 where: A is the wavelength of pixel 
p, I is the wavelength of pixel 0, Cj is the first coefficient (nm/pixel) and C2 is the 
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second coefficient (nmlpixeI2) and corrects for the non linearity across the 
wavelength range. The unique calibration coefficients for the miniature 
spectrometer are: First Coefficient 0.38357821, Second Coefficient -2.084E-05, 
Intercept 177.93030 (Appendix A). The 52000 spectrometer in the configuration 
described here has a resolution of 1.3 nm Full Width Half Maximum (FWHM). 
Data Acquisition 
Data communication to and from the instrument was performed using a 12 bit 
data acquisition board (100 KHz, Lab-PC 1200, National Instruments, UK). The 
card has 8 analogue input/output (VO) channels and 24 digital VO lines and was 
installed inside a desktop or laptop computer. Connection was made between the 
instrument and the data acquisition board using a 50 - way ribbon cable (R6868 
National Instruments UK). 
Four methods are available for acqmnng data from the S2000 spectrometer: 
normal, external software trigger, external synchronisation trigger and external 
hardware trigger. In normal mode the spectrometer continuously scans, acquiring 
and transferring data to the computer according to the parameters set in the 
software. This mode provides no method to synchronise the scanning, acquiring 
and transfer of data with an external event, hence was not used. External 
triggering modes are required to synchronise data acquisition with external events. 
Of the three external triggering modes, external software triggering was used in 
the current instrument, as it is the most suitable mode where a continuous light 
source is being used and integration times need to be set in the software. In this 
mode the spectrometer continually scans and collects data. When triggered, the 
data collected up to the trigger event is transferred to the software. If continuous 
triggers are applied from the software, data is continuously acquired. The 
integration time along with all other acquisition parameters are set within the 
software. The source of the integration clock comes from the AID converter. 
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Appendix B shows the connections between the S2000 spectrometer and the data 
acquisition board. The connections allow for any of the four operation modes to 
be used if the correct software is used. The External software triggering mode 
does not require all the connection shown in Appendix B. Pin 25 on the S2000 
(Read enable) was used to trigger the data acquisition by supplying +5 VDC. Pin 
13 on the S2000 was used to supply a positive +5 VDC to ensure the spectrometer 
receives the appropriate voltage for the trigger event. When high, this signals the 
spectrometer to take the next available data set. If set continuously high by 
holding down the software button, complete data sets are acquired in a continuous 
scan mode. One analogue input channel pin 1 on the S2000 was used to acquire 
the video signal from the CCD. 
Power supply and consumption 
Power to the instrument is provided by a 12 V, 2.8 Ah rechargeable Pb acid 
battery (Yuasa NP2.8-12, Yuasa Batteries Ltd, UK) providing five hours 
continuous use or a mains adapter providing 12 V DC for laboratory use. The 
battery is located in the main instrument box and can be easily swapped for a 
second fully charged battery for extended field use. 
2.2.2 Software and signal processing 
Instrument Control Software 
Instrument control software was written in Lab VIEW (version 5.1, National 
Instruments, UK). The software was run under Windows 95 or NT operating 
systems. A flow diagram of the main control software is shown as Figure 2.6 and 
provides an overview of the program operations. The control program consists of 
a Front Panel and Data Flow Diagram. The Front Panel forms a user friendly 
interface containing control and indicators shown as Figure 2.7. The Data Flow 
Diagram shown as Figure 2.8 contains the source code and is hidden from view 
during normal operation. A standard operating procedure for the use of the 
instrument with the control software is given in Appendix C. 
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The flow diagram of the main instrument control software shows the logic behind 
the program (Figure 2.6). The program starts with the initial configuration of the 
instrument and the data acquisition board. The exposure times and number of 
averages is also read at this point. At the beginning the user is given the choice to 
measure intensity or absorbance; intensity is used to adjust the incident lamp 
intensity to a maximum level before absorbance is measured and requires no 
background or dark current to be recorded. For absorbance measurement, the dark 
current must be measured first, then the background and the sample. A 'while 
loop' was used to repeat the data acquisition procedure for each measurement. In 
the data acquisition, multiple data sets were acquired via a 'for loop', set to the 
number of averages required. The multiple data were averaged, smoothed and 
then stored in the program for the final absorbance calculation. The absorbance 
was calculated and displayed using the stored dark current and background values 
after completion of the cycle. 
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Figure 2.6 Flow diagram of the main control program. 
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C) Numerical results 
The following description relates to the labels (A-C) on Figure 2.7. This 
summarises the functions of the controls on the front panel and explains the data 
shown in the graphical and numerical displays. 
A) 	Controls - The left hand side of the control panel contains the controls to 
operate the software. The main operational controls are large coloured 
buttons; these are used to start (START) and stop (STOP) the software, record 
the dark current (SET DC) and background (SET BG) and allow the spectrum 
to be saved (SAVE). Below the main controls there are several more controls 
that allow the user to input the exposure time (EXPOSURE), number of 
averages (AVERAGES) and the mode of operation (MODE) as either 
Intensity or Absorbance. The method of spectral smoothing (SMOOTHING) 
is controlled with a choice of Raw, Moving Average or Savitzky-Golay 
methods available; the size of the smoothing window (WINDOW) used in the 
filtering process can be adjusted to set the level of smoothing applied. A single 
spectrum or a number of discrete wavelengths can be saved using (SAVE 
MODE). 
B) 	 Graphical displays - The Control panel is dominated by the main graphical 
display; this displays a single spectrum as either absorbance or intensity 
depending on the mode selected. The y-axis displays Volts (V) when in 
intensity mode or Absorbance Units (AU) when in Absorbance mode. The x­
axis displays the wavelength (nm). The graph can be re-scaled using the 
functions below the graph. The two smaller graphical displays to the right 
show the dark current spectrum and background spectrum as Voltage (V), 
which are stored within the program for use in the absorbance calculation. 
These two graphs are useful in assessing the dark current and background 
levels. 
C) 	Numerical results - Below the two small graphical displays are the particle 
scattering correction functions; this section of the panel allows the spectrum to 
be corrected for scatter effects by subtracting the absorbance at 750 nm from 
57 

all other wavelengths. When the red button is pressed (YES) the absorbance 
spectrum is corrected. The small display to the right shows the original 
absorbance at 750nm before correction. The lower three boxes display the 
absorbance for the corrected spectrum, at 630,655 and 680 nm. 
D) 	Acquisition status - This section of the panel allows the user to determine the 
status of the program at any given time. The acquisition status is shown as 
(ACQUIS ITlON STATE), the performance of the acquisition can be assessed 
from the (SCAN BACKLOG), the location of the program in acquiring 11 
number of averages is shown as the (AVERAGE COUNT). The large red 
display shows if data is being acquired. 
Data Flow Diagram 
The data flow diagram shown as Figure 2.8 contains the programming code 
written in LabVIEW. The program is constructed using a main 'While Loop', 
which runs continuously when the program is on. All the configuration settings 
are located within this loop. Data acquisition, processing and display functions are 
located in a second while loop contained within the main loop. Sub VI's are used 
throughout the program to perform individual program tasks. The basic functions 
of the individual sections of the program are described and relate to the labels A-J 
shown on Figure 2.8. 
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Figure 2.8 Data flow diagram, showing the source code l'or the instrument control program. 
A) 	Wavelength Calibration - Contains the wavelength calibration, which is 
correlated to the 2048 variables acquired during the data acquisition process to 
produce a spectrum. 
B) 	 Hardware configuration - Several sub VI's are used to configure the data 
acquisition hardware (channel, device and clock frequency). These settings 
cannot be adjusted from the control panel as they are not changed during 
normal operation. 
C) 	Exposure time and clock counts - From here the maximum sampling rate and 
the clock frequency for the DAQ board, master clock and integration clock 
can be set. These settings are specific to the Ocean Optics S2000 spectrometer 
and are not changed during normal operation. The exposure time is also set 
through this subVI and may be adjusted before data acquisition from the front 
panel. 
D) 	Data Acquisition - This is the central part of the program and is where the 
signal is read. This section allows the program to collect the sample spectrum 
and perform spectral averaging by using a For Loop run for the number of 
averages required. The data array is then divided by the number of averages to 
give a single mean averaged array. If this section of the program is set off 
(FALSE) then no data is acquired. 
E) 	 Signal smoothing - Directly after data acquisition and averaging the array can 
be filtered (spectral smoothing). Sub VI's within a case structure allow options 
of: i) no smoothing ii) a Moving Average filter iii) Savitzky-Golay filter. 
F) 	 Program control - This part of the program contains all the main controls to 
start, stop and collect data. Each of these is wired to a specific control. The 
stop controls are located in the top right of the program. The background, dark 
current and sample controls are located below the data acquisition section and 
control the acquisition and storage of data. 
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G) 	 Background, Dark Current and Mode control - These three case structures 
control the flow and use of the data array in the program. Switches on the 
main panel control both the background and dark current case structures. 
When set to TRUE the background or dark current array is acquired and 
stored in a shift register. When set to F ALSE (default when sample is 
measured) the shift register is opened and the background and dark current 
arrays are used in the absorbance calculation. The background and dark 
current arrays remain in the shift registers until the program is stopped or the 
array is replaced. 
H) 	Spectral correction and wavelength display - Here the data array can be 
corrected for scattering effects when the sample is measured. This involves the 
subtraction of the value at array element 1638, corresponding to 750nm away 
from all other array values. If the case structure is set to FALSE then the array 
is unaltered. The 4 WL data sub VI displays the absorbance at four 
wavelengths after correction. The absorbance at 750nm before correction is 
also displayed. 
I) 	 Graphical display - This shows the main graphical display on the front panel 
user interface. The data is either intensity or absorbance depending on the 
mode. The data array is correlated to the wavelength array, generated in (A) to 
give a wavelength dependent spectrum. 
J) 	 Save function - This allows two save options (single), which saves the 
complete spectrum once and is the default setting or (continuous) which is 
used to save data at one or two set wavelengths over time. 
Signal averaging, smoothing and absorbance calculation 
When measuring the concentration of an analyte using absorption spectroscopy, 
the precision of instrumental measurements is often limited by noise in the 
measured signal. This is a major factor when the measurement is made in a 
suspension containing highly scattering particles such as algal cells, which result 
61 

in a high level of environmental noise. Therefore, signal averaging methods are 
required to improve the quality of the absorbance spectrum under such conditions. 
Data acquisition and signal conversion to the digital domain represents the first 
stage of the data acquisition and manipulation process. The signal from the 
acquisition hardware contains an undesirable component termed noise, which can 
interfere with the accurate extraction and interpretation of the required analytical 
data. When analytical conditions have been optimised to produce a maximum 
signal, then any increase in the signal to noise ratio can only be achieved by 
reducing the noise (Adams 1995). 
Signal averaging - An averaged spectrum is calculated in the program by using a 
For Loop, where the loop runs for n times, where n = the number of averages 
required. The summed measurement is then divided by n to give a mean value. 
Assuming the noise is randomly distributed, then the analytical signals which are 
coherent in time are enhanced, since the signal grows linearly with the number of 
scans, n. The signal to noise ratio can be improved at a rate proportional to the 
square root of the number of scans. Therefore by co-adding one hundred scans a 
theoretical enhancement of 10:1 in signal to noise ratio can be achieved. (Adams 
1995). In theory, a 100 fold improvement to the signal to noise ratio can be made 
with 10000 scans, but practical considerations limit the number of possible scans. 
In the case of suspensions of algal cells, sample movement limits the number of 
scans to less than 100, before improvement through averaging is lost through 
physical sample movement. 
Signal smoothing - By smoothing the spectrum minor differences between data 
values located near to each other on the array are evened out, and the appearance 
of a spectrum is improved. Spectral smoothing is performed using sub VI's (M-A 
Filter or S-G Quad Cubic) within the main control program. The software 
provides an option of two spectral smoothing techniques, Moving Average and 
Savitzky-Golay. The Moving Average filter is the standard default method for the 
instrument and provides suitable smoothing for spectra derived from natural 
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samples, which contain a noticeable noise component. The Savitzky-Golay 
method is designed for use on spectra derived under ideal conditions where noise 
levels are very low and the highest possible spectral detail is required. The 
Moving Average method is based on boxcar averaging; replacing a group of 
values by their mean, but by using successive overlapping bands the effect is less 
severe (Adams 1995). The size of the window used determines the amount of 
smoothing; a window of 21 values is set as default and provides an average over 3 
nm each side of the central value. The resultant convoluted spectrum contains the 
same number of data points as the original but the spectrum will be smoother. The 
Savitzky-Golay method uses least-squares polynomial smoothing with 5, 7, 9, 11, 
13, 15, 17, 19, 21, 23, or 25 points (Savitzky and Golay 1964). This technique is 
one of the most widely used techniques in spectral data processing and 
manipulation. 
Absorbance calculation - The software calculates the absorption of the sample 
using the dark current, background and sample spectra, each of which is recorded 
as the voltage, relating to the standing charge and light intensity falling on the 
CCO. The dark current signal is subtracted from both the background and sample 
spectra to correct for the standing charge on the CCO. The Absorbance is 
calculated as follows: 
A = log[(Ir - Id) l(Is - Id)] 
A: Absorbance spectrum (AU). 

Ir: Background signal (Voltage). 

Is: Sample signal (Voltage). 

Id: Dark current signal (Voltage). 

The software calculates absorbance to four decimal places (0.0001 AU). 
Absorbance values at this resolution are used in the data analysis applications. 
However, in most cases where absorbance values are quoted, the resolution is 
rounded to three decimal places. 
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Spectral enhancement and extraction 
Two programs, Spectral normalisation and Spectral derivatives, were written by 
the author in Lab VIEW for the enhancement of absorption spectra saved from the 
instrument and the extraction of spectral information. 
Spectral normalisation - This program was used to normalise saved absorbance 
spectra to a set absorbance at a set wavelength. Normalisation to a particular peak 
is more useful than maximum or mean normalisation, as the spectrum can be 
normalised to remove the concentration effect of a particular analyte. 
Normalisation was, in the analysis of algal absorption, used to remove the 
concentration effects of chlorophyll a on the in-vivo absorbance spectrum. The 
control panel allows the user to determine the wavelength and absorbance 
normalisation settings. The normalised spectrum can be saved after the procedure 
is complete. The normalisation program allows easy comparison of accessory 
pigment absorbance, and was used extensively in the work described in this thesis. 
Spectral derivatives provide a means to present the spectral data in potentially 
more useful form than Zero order, normal data (Ingle and Crouch 1988). Changes 
in the slope of the spectrum that may be difficult to see in the normal data can be 
emphasised by differentiation. However, noise may also be greatly amplified. A 
sub program called DER 1-4 was written to calculate the first, second, third and 
fourth spectral derivative of a saved absorbance spectrum. The program uses two 
sub VI's. The differentiation was calculated using the dx(t)/dt subVI and a 
Moving Average filter subVI was used to control the noise amplification. The two 
sub VI's were run inside a For Loop allowing the calculation of first, second, third 
or fourth derivative by running the loop 1,2,3 or 4 times. The control panel allows 
the user to choose the level of derivatisation, the filter window size and if the 
derivative spectrum is to be saved. Due to the flexibility in using this specifically 
designed program, a large amount of spectral detail is shown. 
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2.3 Section B - Instrument Calibration and Characterisation 
This section describes the methods used to assess the primary perfonnance 
characteristics of the instmment. Standard methods were used to assess the 
instmment in several areas: 
1) Wavelength accuracy confirmation. 
2) Noise assessment. 
3) Photometric accuracy. 
4) Photometric linearity and sensi ti vity. 
5) Photometric precision. 
6) Lamp and Photometric stability. 
7) Temperature effects. 
Solid state spectrometers using CCD arrays are calibrated during manufacture. 
The relationship between the wavelength (nm) and the pixel number is detennined 
using a discharge lamp with peaks of known wavelength. The accuracy of the 
manufactures calibration can be continned using a standard Holmium Oxide 
filter. 
In a spectrophotometer, noise may originate from many sources induding the 
lamp, detector and associated electronics. Noise is commonly expressed as the 
signal to noise ratio (SIN ratio) and may be variable across the range of the 
detector. The assessment of the ideal conditions for minimal noise and therefore 
greater precision is important. Baseline noise may be expressed in final 
measurement units. This gives an idea of the lowest detectable signal the 
instrument can measure. 
Accuracy indicates how close the measured value of a quantity is to the true or 
accepted value. Accuracy depends on the analyte concentration, precision and 
sample contamination and is affected by systematic and random errors. The use of 
cobalt ammonium sulphate is an established and well recognised method for 
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validation of photometric accuracy in the visible region. Molar absorptivity (M-1 
cm- I ) values for cobalt ammonium sulphate have been published (Burgess and 
Knowles 1981) which make assessment of photometric accuracy possible. 
Linearity is an important parameter in optical spectrochemical analysis where a 
linear response is required for measuring an unknown concentration of an analyte. 
Photometric linearity indicates the ability of the instrument to provide a linear 
response for a set of standards known to follow the Beer-Lambert Law. The 
dynamic range of the detector is indicated by the noise level at the lower end and 
at the upper end by the analyte concentration at which there is a significant 
deviation from a linear response. Linearity is expressed as the r2 value (coefficient 
of determination value from 0 - 1) for n number of data points in a calibration 
covering a specified absorbance or transmission range. Cobalt ammonium 
sulphate is known to obey Beer's Law over a wide absorbance range and is 
therefore a recognised method for the assessment of photometric linearity. It is 
however generally preferable to work below 1 AU. 
The change in the instrument response corresponding to a change in the 
concentration of the analyte is referred to as the sensitivity. A high sensitivity is 
generally aimed for in trace analysis. However, a lower sensitivity may allow for 
a much wider dynamic range. The slope of a calibration gives the sensitivity. A 
linear calibration plot provides constant sensitivity across the dynamic range. 
Quantitative analysis requires the precision of an instrument to be of an acceptable 
level. Precision indicates the reproducibility in the value of a measured quantity 
and reflects the error associated with a measurement or result. The various noise 
contributions associated with the detector type, associated electronics and signal 
level and the analyte concentration directly affect the photometric precision of the 
instrument. 
Photometric stability can be defined as the variability of an absorbance 
measurement over time and is a function of photometric precision and lamp 
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stability. Photometric stability is expressed as a relative standards deviation 
(RSD) of the measured absorbance at a defIned wavelength. Traditional dual 
beam spectrophotometers show good photometric stability as any variation in the 
lamp intensity is corrected by the continuous blank measurement. CCD 
spectrometers are designed to be operated with a single beam. Therefore, the dark 
current and background must be acquired first and saved in the software before 
the sample spectrum is acquired. The absorbance is then calculated using the three 
arrays of data. The photometric precision provides an indication of how frequently 
a blank measurement must be made to ensure a desired accuracy. Lamp stability 
represents a potential source of error in absorbance measurements. The lamp unit 
used in the instrument is specially designed for optical spectrochemical analysis 
where stability is of primary importance. 
Instrument drift refers to the stability of a measured parameter over time. 
Instrument stability is often determined by the quality of the optical components 
and power source used in the instrument. Drift is commonly expressed in terms of 
change in the measured quantity over a specified time period. 
Temperature effects much of the instrument. The detector response, dark current 
level and the electrical baseline are all affected by temperature changes. Also the 
transmission of the optical fIbres, the light source and optics are also effected, 
although to a much lesser degree. The assessment of temperature effects IS 
particularly important where portable instruments are to be used in the field. 
2.3.1 Materials and methods 
Instrumentation 
The constructed instrument was run in either full spectral acquisition mode for the 
analysis of the complete spectrum or in single wavelength acquisition mode for 
the analysis of time based data at a specific wavelength. Both 10 and 40 mm path 
lengths were used for the tests. 
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A UVIvisible diode array spectrophotometer (Hewlett Packard 8452A) running 
under HP Software was used as a reference bench top spectrophotometer. Spectra 
were acquired using the general scanning settings with an integration time of 1.0s. 
A pair of optically matched 1 cm quarts cuvettes were used. 
Reagents. conditions and procedures 
All chemicals used in the experiments were of analytical grade. De-ionised water 
was used to make up all reagents. 
The standard operating procedure (Appendix C) was followed for the operation of 
the instrument. Before each test the instrument was allowed to warm up for 10 
minutes. All the tests and measurements were carried out at room temperature of 
25°C apart from the temperature effect test, which was conducted in a 
temperature controlled environment. 
Wavelength accuracy confirmation 
A solid holmium-oxide filter, (Thermo Spectronic, UK) traceable to international 
standards, was used to check the wavelength calibration of the S2000 
spectrometer. The holmium-oxide filter was placed in a collimated light path 
between the light source and spectrometer and the absorbance spectrum recorded 
as five averages (0.65 S-I). Signal smoothing was set to five data points to reduce 
band broadening at the peak maxima. Six holmium peaks in the region 300 -650 
nm were compared to reference values (Burgess and Knowles 1981). 
Instrument noise assessment 
The SIN ratio was calculated from the lamp intensity spectrum. The 10 mm probe 
tip was placed in an empty vial and shielded from any stray light. The exposure 
time was set to give a maximum lamp intensity of five volts. Ten spectra each an 
average of fifty were recorded. The signal-to-noise ratio was calculated every 50 
nm across the spectrum as the mean lamp intensity for each wavelength divided 
by the absorbance variation between the replicate spectra at each wavelength. 
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The noise at baseline absorbance of zero AU was calculated as using de-ionised 
water as the blank and sample. The absorbance values at 340, 500 and 780 nm 
were recorded continuously five hundred times as ten sets of fifty averages. The 
noise was calculated as the peak-to-peak variation in absorbance units at each 
wavelength. 
Photometric accuracy 
A 0.2M standard of cobalt ammonium sulphate (CoS04(NH4)2.6H20, Merck, UK) 
was prepared in 1 % sulphuric acid using de-ionised water. The absorbance spectra 
were acquired using the 10 mm probe path length. Fifty spectra were recorded in 
6.5 s and averaged to give a single mean absorbance spectrum. The molar 
absorptivities were calculated at each wavelength using the following formula: 
c = Ad (M x 1) 
Where: 

c = Molar absorptivity (M-1 cm- I ) 

Ai = Absorbance (AU) 

1= Path length (cm) 

M = Molar concentration of cobalt ammonium sulphate 

Molar absorptivities were then compared to the standard values set by the IUPAC 

Commission on Physiochemical Measurements and Standards (Burgess and 

Knowles 1981). Assessment as to the statistical significance of any difference 

between the experimental data and reference values was made using a students t­

test (Freedman et al. 1998). The data was assumed to form a normal distribution 

and therefore two-tailed critical values were used. 

Photometric linear response and sensitivity assessment 

The photometric linear response of the instrument was assessed using a range of 

five molar concentrations (0.05, 0.1, 0.15, 0.2, 0.25 M) of cobalt ammonium 
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sulphate (CoS04(NH4)2.6H20, Merck, UK) prepared in 1 % sulphuric acid 
solution. The absorbance spectra were recorded using the 10 mm probe path 
length. Fifty spectra were recorded in 6.5 s and averaged to give a mean spectrum 
for each concentration. Each of the standards were also measured five times using 
an Hewlett Packard 8452A diode array spectrophotometer with a 10mrn path 
length quartz cuvette. 
Seven low concentration standards of cobalt ammonium sulphate (0.01, 0.02, 
0.03,0.04, 0.05, 0.06 and 0.07 M) were also measured as above using the 10 mm 
path length probe and a 40 mm path length probe to assess the increased 
sensitivity with an extended path length. Sensitivities were compared between the 
probe with 10 and 40 mm path lengths and the Hewlett Packard 8452A 
spectrophotometer by comparing the slope of the linear calibration. 
Photometric precision and instrument noise 
A stock solution of potassium permanganate (KMn04, Merck, UK) with an 
absorbance of 2.4 AU was prepared by dissolving 0.1 g of potassium 
permanganate (dried at 105°C for 1 h) in 500 ml of de-ionised water (Coles et af. 
2001). A set of standard solutions at absorbance values of 0.5, 1.1, 1.6,2.2 and 2.4 
AU were prepared and analysed immediately after preparation. Absorbance of the 
potassium permanganate standards were measured as a continuous reading at 
wavelength 523 nm. The absorbance was continuously measured for 15 minutes at 
0.48 s intervals. A total of 1875 data points were recorded. 
Lamp stability 
Lamp stability was assessed over two time frames: short term stability (10 
minutes) and long term drift (12 hours). For both time periods, the lamp unit was 
allowed to warm up for 10 minutes before any data was collected and the probe 
was shielded from any stray light. Twenty spectra (200 - 850 nm), each an 
average of 50 were recorded over the 10 minute time frame. Over 12 hours, 1800 
intensity measurements were acquired at 650 nm to determine the long term drift. 
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Photometric stability 
A 0.08 M solution of copper sulphate (CuS04.5H20, Merck, UK) with an 
absorbance value of 0.8 AU at 800 nm was prepared by dissolving 20 g of copper 
sulphate in 1 L of 1% sulphuric acid. The absorbance at 700 nm was measured 
over periods of 10, 30 and 120 minutes. The dark current and background were 
recorded once at the start and used in the absorbance calculation throughout the 
measurement. Measurements were recorded at a constant 8°C, using a 
temperature controlled cabernet, to remove temperature effects on the absorbance. 
The stability was determined as the standard deviation (SD) and relative standard 
deviation (RSD). 
Temperature effects 
The dark current signal was recorded at six different temperature conditions (5, 
10, 18, 25, 30, 34°C), by placing the complete instrument in a temperature 
controlled cabinet. The lamp unit was switched off and the probe shielded from 
stay light. At each temperature condition, the signal changes in volts on the CCD 
were recorded continuously over five minutes. In total 625 spectra were 
measured. No signal averaging technique was applied in the experiment. The 
effect of temperature on the instrument noise was calculated as the peak to peak 
variation defined as the maximum signal - minimum signal at 650 nm, over the 
five minute time period, for each temperature. 
2.3.2 Results and Discussion 
Wavelength accuracy confirmation 
All six holmium-oxide absorbance peak maxima in the region 300 - 650 nm fell 
within the published reference values (Burgess and Knowles 1981). Variation 
from the reference values was 0.7 nm or less on all six peaks. The experimental 
and reference values for the holmium-oxide wavelength accuracy test are shown 
as Table 2.2 
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Table 2.2 Comparison of experimental and reference values for the holmium­
oxide wavelength accuracy confirmation. 
M~~~~-- ~~.-----... 
Peak no. Reference Tolerance Experimental Variation from 
wavelength (nm) +/- (nm) wavelength (nm) reference (nm) 
333.7 0.55 333.4 -0.3 
2 360.9 0.75 361.6 0.7 
3 418.4 1.1 418.R 0.4 
4 453.2 1.4 452.7 -0.5 
') .,5 536.2 ~.-) 536.9 0.7 
6 637.5 3.g 636.8 -0.7 
References values taken from Burgess and Knowles 1981. 
Instrument noise assessment 
Figure 2.9 shows the SIN ratio as a function of wavelength for the instrument in 
normal operation mode. The noise represents the combined noises from the 
spectrometer, the lamp and electronics. The noise level was constant across the 
spectrum (5 m V). The lamp intensity varies from a low of 0.4775 V at 400 nm to 
a maximum of 4.6803 V at 650 nm. Consequently, the SIN ratio follows the lamp 
intensity and is best where the lamp intensity is greatest, around 650 nm and 
poorest at 400 nm, where the lamp intensity is lowest. Between 500 and 750 nm 
the SIN ratio has been improved over the manufactures suggested SIN ratio for the 
spectrometer by the averaging of the spectra. The mean signal to noise level for 
the 400 to 750 nm spectral region is 576: 1. The SIN ratio obtained for the 
instrument proves the suitability of the CeD spectrometer for the chosen 
application where a good SIN ratio is important. 
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Figure 2.9 SIN ratio for instrument at 50 nm inlervals across the spectrum. The 
rcd linc indicates manufactu res SIN ratio at full signal for the S2000 spectrometer. 
The baseline noi se at 0 A U was recorded as 0.003 AU at 340 nm, 0.002 AU at 
500 nm and 0.001 AU at 780 nm. The variation observed in the noise retlects the 
change in the lamp intensity with wavelength as observed with the SIN ratio. 
Photometric accuracy 
Table 2.3 show the experimental and reference molar absorptivity values of the 
0.2 M cobalt am mon ium sulphate standard at four wavelengths ( 500, 600, 650 
and 700 nm) each value is an average of fifty. Molar absorptivity calculated using 
the formula shown in Section 2.3.1. No significance difference was observed 
betwcen the experimenta l values and the lU PAC reference values at all four 
wavelengths when compared u sing a two-tail t-test where a critical value of 0.05 
(t 2.776) was used. 
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Table 2 .3 Compa rison of experimental and reference values for 0.2 M cobalt 
ammoni um sulphate acqui red us ing the CCD based spectrophotometer. 
Wavelength Mola r absorptivity Refe rence rUPAC t value 
(nm) M ean M-1cm· 1 M·I -Iem 
(n 5*) 
500 4.441 1 4.4623 1.47 
600 0 .4155 0 .3739 2.73 
650 0.3 238 0.2866 2.3 8 
700 0.1783 0.1474 2.16 
References values taken from Burgess and Knowles, 1981. 
* eaeh value an average of 10, total samp le s ize - 50 
C ri tica l P va lue = 0.05 (t = 2.776) 
Photometric linear response and sensiti vity assessment 
Figure 2. 10 shows the absorbance spectra for the fi ve cobalt ammonium sulphate 
standards in the 0 .05 to 0.25 M concentration range . A linear correlation was 
observed between the measured absorbance and the concentration of cobalt 
am monium sulphate in the range between 0.05 and 0.25 M at four wavelengths 
(450 , 480. 500 and 540 nm) covering the cobalt absorbance peak (Figure 2.11). 
This indicates the li nearity of the inst rument in measuring absorbance at many 
wavelengths and not necessary at the absorbance maximum. Improved linearity 
was obse rved at higher absorbance near the peak maximum. At 500 nm linearity 
fo r the 10 mm probe (,.2 - 0.9986) was better than that observed at 500 nm with 
the l 1ew1ett Packard 8452A spectrophotometer (r2 = 0.9982). 
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Figure 2.10 Overlaid absorbance spectra for cobalt ammonium sulphate in the 
range between 0.05 and 0.25M measured using the CCD based dip probe 
spectrophotometer. 
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Figure 2.11 Absorbance at four wavelengths versus concentration of cobalt 
ammonium sulphate standards 0.05 - 0.25 M acquired llsing the CCD based 
spectrophotometer. 
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Good agreement was observed between the absorbance values obtai ned from the 
fi eld portab le spectrophotometer and the bench top spect rophotometer (,.2 ---'0.9982 
n =- 6), wi th 10 mm path lengths (Figure 2.12). 
1.2 	
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Figure 2.12 Absorbance correlation between the dip probe and HP instruments for 
cobalt ammonium sulphate standards 0.05 - 0.25 M. 
Coba lt ammon ium sulphat e standards (0.01 - 0.07 M) representing a low 
concentration range also showed linear correlation of absorbance with 
concentration with both 10 mm (r: = 0.9996) and 40 mm (/ = 0.9995 ) path 
lengths (f igure 2.13) . Thc 40 mm probe shows a much greater slope of 
approxi mately four ti mes that of the 10 mm probe. This shows that the sensitivity 
of thc inst!1l ment can be imp ro ved by using a longer path length. The dynamic 
range of the instruments can also be improved by incorporating both the 10 and 40 
mm path lengths. 
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Figure 2.! 3 C omparison of 10 mm (blue) and 40 mm (red) immersion probe path 
lengtbs, using cobalt ammonium sulphate. Regression parameters in Table 2.4. 
Table 2.4 shows that the slopes of the calibra tion for the 0.05 - 0.25 M cobalt 
ammonium sulphate are very similar between the HP 8452A and the probe. This 
suggests very similar sensitivity as would be expected with the same path length . 
Over the lower 0.01 - 0.07 M range, the sens itivity with the 10 mm probe is also 
very simi lar considering the diflc rence in th e intercept value. 
Tab le 2.4 Cobalt a mmonium sulphate standards 0.05 - 0.25 M and 0.01 - 0 .07 M 
measured us ing the immersion probe with 10 and 40 mm path length and Hewlett 
Packard 8452A spectrophotometer. 
baIt Instrument Path Intercept Slope 
, 
r- Number of 
Range length data points 
(M) (mm) 
0.05-0 .25 HP 8452A 10 0.0029 4 .5777 0.9982 6 
0 .05 -0.25 Probe 10 0.006 4.5737 0.9986 6 
0.01-0.07 Probe 10 0.00008 4.3 869 0.9996 8 
0.01-0.07 Prohe 40 0 .0128 19.502 0.9995 8 
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Photometric precision and instrument noi se 
For the CCO based spectrophotomel~ r, the peak-to-peak noise inc rease 
exponentially as the mean absorbance increases (Fi gure 2.14) . Such an 
exponential re lationship is oft en tenn ed ' case l' dark cun"ent and amplifier noise 
(Skoog and Leary 1992). This is typical of miniature spectrometers and is a 
function of the qua lity of the optical and electronic components used (Coles el at. 
2000). The peak-to-peak noise increases at high absorbance due to the reduced 
light falling on the CCD, so dec reasing the SIN ratio . The working absorbance 
range of the inst rument can be determined from Figure 2.14 where the acceptab le 
noise level is known. The result has demonstrated that the ideal working range of 
the developed inst rument is up to 1.5 AU where the noise level is low. 
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f igure 2.14 Absorbance versus peak-to-peak noi se for potassium permanganate 
standards covering the 0.5 - 2.4 AU range measured using the CCD based 
spectrophotometer. 
Lamp stab ility 
Figure 2.1 5 shows the averaged lamp intens ity spectrum and the precision profile 
ca lculated as RSD fo r the twenty acquired spectra. A clear relationship can be 
seen between the lamp intensity and precision. Between 500 nm and 750 11 m the 
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lamp intensity is greater than 2 volts and the RS D is less than 0.2 %. Only where 
the lamp intensity fall s below 2 volts does the RSD increase. figure 2.15 show 
that the best wavelength working range is between 500 - 750 nl11. This can be 
extended to 400 nm at an RSD o[OA % if the slight loss in precision is considered 
acceptable. It is clear that an inc reased output from the deuterium lamp in the UV 
would increase the S level, therefore increasing the instru ments wavelength 
working range. Over the twelve hour test the lamp unit has shown high stability 
with a ·1 0.036 V intensity change, which corresponds to a 0.003 V h- J change. 
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igure 2.15 Compari son between light intensi ty and RSO over the wavelength 
range from 200 - 850 nm. Intensity (blue) in relates to the ceo voltage as a 
measure of the lamp in ten sity. Precision (red) is calculated as RSD (n = 20). 
Photometric stability 
Figure 2.16 shows the mean absorbance spectrum and RSD for copper sulphate 
measured over 10 minutes at a wavelength range of 500 - 850 nm. f igure 2.16 
shows a clear inverse relationship between the RS O and absorbance. Where the 
absorbance is low between 500 - 600 nm the RSD is high ; as absorbance 
increases the RSD decreases . The SIN ratio of the lamp is much greater at lower 
700 800 
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absorbance. At high absorbance little light reaches the detector and the e ffect o r 
noise are greater. 
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Figure 2. 16 Mean absorbance spectrum (blue) and % RSD (red) for copper 
sulphate so lution acquired over ten minutes (n = 30), using the CeD based 
spectrophotometer. 
Table 2.5 shows the results of the photometric stabilit y k sts. A high stability was 
obtained within the 120 mi nutes moni to ri nf!. period, with an RS D of 0.4 %. 
Stability was shown to be improved with shol1er time, with the J0 minute 
mon itoring. period showi ng an RSD of O.J2 %. 
Table 2.5 Stability test of the instrument at 700 nm with 0.08 M copper sulphate 
solution over 10,30 and 120 minute", 
Ti me Sample Mean Standard RSD 
(minutes) Size Absorbance deviation (%) 
(AU) 
]0 30 0.457 0.00055 5 0.1 2 
30 100 0.446 0.000946 0. 2 1 
120 400 0.458 0.001 865 0.4 0 
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Precision was good over the 10 and 30 minute periods only increasing to an RSD 
of 0.4 % for the 120 minute period. The 30 and 120 minute periods are considered 
extreme time periods with the background and dark current stored at the 
beginning of the time period. The instrument remained stable for up to 30 minutes 
without the need to reset the background and dark current values. 
Temperature effects 
The dark current voltage on the CCD was shown to increase with increasing 
temperature between 5 - 34°C (Figure 2.17). At 5 °c the dark current at 650 nm 
was 70 mY. This increased to 373 mY at 34 Dc. The error bars shown on Figure 
2.17 represent the random dark current noise expressed as the SD. The random 
dark current noise was shown to remain very stable at 0.004 SD over the tested 
temperature range. These results show that temperature change within 5 - 34°C 
has a significant effect on the dark current level (fixed pattern noise) but has little 
effect on the random noise. The dark current fixed pattern noise can be corrected 
by regular dark current measurements and only has the effect of reducing the 
dynamic range of the detector. However the random noise cannot be corrected for 
and determines the accuracy of the spectrometer. 
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Figure 2.17 Temperature versus dark current level over a five minute period for 
temperatures 5 - 34°C. Error bars represent the variation in the random noise on 
the dark current signal expressed as the SD (SD range 0.0043 - 0.0048 over 
temperature range studied). 
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2.4 Summary 
The design and construction of the instrument has been described. The instrument 
forms a robust monitoring platfonn that can be used in the laboratory via desktop 
PC or as a portable instrument in a field situation using a laptop PC and battery 
power. The instrument incorporates a CCD detector to allow high resolution full 
spectral analysis, combined with an immersion probe which provides a four times 
increase in sensitivity compared to a standard I ern flow cell. The instrument was 
controlled using self developed software, which contains many functions to 
improve the measured spectral quality. As the instrument has been constructed 
using a compact CCO detector, an immersion probe and a miniaturised light 
source, the size, weight and power consumption have been kept to a minimum. 
Consequently, the instrument is therefore ideally suited to routine monitoring and 
fieldwork, where there is an advantage in taking the instrument to the sample to 
gain rapid results. 
Assessment of the primary performance characteristics of the instrument proved 
the instrument to have a performance comparable with a bench top 
spectrophotometer. The average SIN ratio over the 400 - 850 nm spectral region 
was excellent considering this includes spectrometer lamp and electronic noises. 
Low baseline absorbance variation also confirmed the low noise level of the 
instrument and suitability of low level detection. 
Photometric accuracy was proven to be excellent with no significant different 
observed between the experimental data and reference values. This suggests that 
absorbance values gained using the instrument can be compared to absorbance 
values gained from other calibrated instruments. Photometric linearity up to 1.2 
AU was achieved. The multi-wavelength nature of the detector allows the 
absorbance to be measured at any selected wavelengths within the range of the 
spectrometer (200 - 850 nm), and more than one calibration can be produced from 
a single set of absorbance spectra. This gives the potential to simultaneously 
measure multiple analytes. An approximate four times increase in sensitivity was 
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achieved when the path length was increased from a standard 10 mm to 40 nun. 
This allows the sensitivity of the instruments to be adjusted by using different 
path lengths. Therefore, the dynamic range of the instrument can be improved by 
incorporating path lengths of 10 and 40 mm. The ideal working absorbance range 
was identified as up to 1.5 AU. This compares well with previous work on similar 
miniature spectrometers. This ideal range also forms the linear region of the 
photometric response of the detector. 
Instrument stability measured as lamp intensity suggested the ideal working 
wavelength range is 400 - 800 nm. The relatively lower lamp intensity in the 
ultraviolet region resulted in a lower SIN ratio. High absorbance stability of the 
instrument was achieved and allowed long term deployment. Temperature effects 
on the dark current signal were confIrmed but can be corrected for by regularly 
recording the dark current where temperature fluctuations are observed, such as 
for field measurements. The dark current noise level increased only slightly 
suggesting that the precision of measurements would not be greatly affected by 
increased noise because of temperature change. 
The data presented here suggests that the instrument is highly suitable for the 
proposed application and has provided a significant advancement in portable 
instrumentation for monitoring phytoplankton in fresh waters. The next stage of 
the research therefore includes the analysis of laboratory cultures of common 
freshwater algal and cyanobacteria. 
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CHAPTER 3 
IDENTIFICATION AND CALIBRATION OF THE IN-VIVO 
ABSORPTION PROPERTIES OF SELECTED ALGAL SPECIES 
3.1 Introduction 
The developed instrument must initially be calibrated using laboratory grown 
cultures to gain standard data on the in-vivo absorption. Algae and cyanobacteria 
grown under controlled environmental conditions provides the opportunity of 
examining pure cultures, which is an important first stage in the application of a 
newly developed instrument. Information derived from laboratory cultures can 
then be applied to the analysis of natural samples measured in-situ. 
This chapter aims to assess the ability of the instrument to identi fy the bio-optical 
properties of selected algal and cyanobacterial species. This will include the 
identification, classification and comparison of pigment features based on those 
documented in the published literature. Subtle features that are only apparent due 
to the high resolution of the spectra will also be analysed. Differences between the 
taxonomic groups in their spectral shape and pigments will be analysed and 
identified. The use of data analysis techniques such as difference and derivative 
spectra will be employed to gain the greatest possible information from the 
absorption spectrum. 
This chapter also aims to determine the relationship between the response from 
the developed instrument as in-vivo absorbance and two common monitoring 
parameters, chlorophyll a concentration and cell numbers. The dynamic range and 
the limit of detection for the developed instrument will also be determined for 
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both chlorophyll a and cell numbers to ascertain the conditions (trophic status) 
where the developed instrument will be appropriate. 
3.2 Materials and methods 
3.2.1 Organisms 
Eight freshwater species were obtained from the Culture Collection of Algae and 
Protoza (CCAP), UK. These selected species are from the Cyanobacteria, 
Chlorophyceae and Bacillariophyceae classes, found in eutrophic freshwaters. 
Table 3.1 details the selected species. 
Table 3.1 Selected algal and cyanobacterial species. 
=U~'''''"'.''__''',.=O.''1<__'''''''''' ",--""""---"",,,,,",,-==-...,'"'__,,,,,,,,0,,"',",,_· _,,-,=--""~-"'''''''' 
Species Strain Class Morphology 
(CCAP) characteristics 
Microcystis aeruginosa 145011 0 Cyanobacteria Unicellular 
Anabaena variabilis 1403/8 Cyanobacteria Filamentous I 
Multicellular 
Aphanizomenon jlos-aquae 140111 Cyanobacteria Filamentous I 
Multicellular 
Chlorella vulgaris 211111B Chlorophyceae Unicellular 
Scenedesmus acuminatus 276/21 Chlorophyceae Multi ce 11 ular 
Spirob,)wa mirabilis 678/9 Chlorophyceae Filamentous / 
Multicellular 
Staurastrum chaetoceros 67917 Chlorophyceae Multicellular 
Asterionellaformosa 1003/9 Bacillariophyceae M ultice11ular 
____ __ ,,",'~~'"'._""""" ~~,''''"'''''__~~_ _..''''''''"'''_''''''',_.....'''.;'''',''C_.,~"~ ..,"~"""",,,,==,"__,,,,,;,~,,,,,,,,,,__ 
The cyanobacteria represent common bloom forming species with the potential to 
produce toxins. 
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3.2.2 Culture conditions 
The eight selected species were cultured in O.25-Litre flasks at 25°C usmg 
Jaworski's Medium for the Cyanobacteria and Chlorophyceae and Diatom 
Medium for the Bacillariophyceae. Illumination was provided by three 30 W Gro­
Lux tluorescent tube lights giving 20 j..tEinstiens m-2 S-l PAR. A 12: 12 hour light 
dark cycle was maintained. All cultures were shaken at 100 RPM constantly 
except Microcystis aeruginosa and Aphanizomenon flos-aquae, which grew best 
when kept still and manually agitated approximately once per day. Standard algal 
culture techniques were applied during the experiments for keeping the algal 
cultures sterile. 
3.2.3 Bio-optical analysis 
Absorbance spectra were recorded every day starting between ten to fifteen days 
after inoculation, when the culture was in middle exponential growth. Five 
millilitre of sample was taken from each of the cultures for analysis using sterile 
techniques. 
The following procedure was followed for the operation of the instrument: 
1) 	 Connect data acquisition cable between computer and instrument. Tum on 
instrument and computer and open control program from shortcut on 
desktop. Allow 10 minutes for the instrument to warm up. 
2) 	 Transfer approximately 10 ml of deionised water into the blank vial and 
place probe tip in the vial. Tap the vial gently to remove any bubbles 
caught in the probe tip. 
3) 	 Run the control program software and press START. The software will be 
in the default intensity mode. 
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4) 	 If the lamp intensity spectrum is below 5 V increase the intensity up to 5 V 
using the exposure time control. Note the lamp intensity must not exceed 5 
V at any wavelength. 
5) 	 Stop the software by pressing the red STOP button. Adjust the number of 
average from the default of 5 to 50 and then and set the mode to 
absorbance. 
SET UP COMPLETE 
6) 	 Press the START button to restart the software with the new settings. 
7) 	 Close the shutter. Press the DC button to record the dark current spectrum, 
this will appear in the upper of the two small graphical displays. 
8) 	 Open the shutter. Press the BG button to record the background spectrum, 
this will appear in the lower of the two small graphical displays. 
9) 	 Remove the blank vial with the deionised water, add approximately 10 ml 
of sample to the sample vial, and place the probe tip in the new vial. 
Again, tap the vial gently to remove any bubbles caught in the probe tip. 
10) Press the SAMPLE button to record the sample absorbance spectrum, this 
will appear on the main graphical display. 
11) To correct the spectrum for scattering effects set the pink correction button 
to YES, this then displays the corrected spectrum and absorbance at 3 key 
wavelengths. 
12) 'fo save the spectrum press SAVE. This will save the next complete 
spectrum ofn averages 
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13) To temporality stop the program press the SAMPLE button (now says 
stop). Many samples can be measured using the temporary stop function 
while the probe is placed in the new sample. 
14)To finish the program running press the red STOP button. Note the stored 
DC and BO data is then lost. 
A standard operating procedure for the instrument is given in Appendix C. All 
samples were analysed at room temperature between 20 - 25°C using deionised 
water as a blank. A 40 mm path length was used in the acquisition of all spectra 
with an exposure time of 0.13 seconds. Unless otherwise stated fifty averages 
were acquired for each spectrum. A moving average filter with a window of 21 
values was used to smooth each spectrum. 
3.2.4 Spectral processing and data analysis 
All spectra were corrected to minimise scattering effects by subtracting the 
absorbance value at 750 nm from all other wavelengths (Bricaud et al. 1983). The 
corrected absorbance spectra were saved for further analysis. Normalisation to 1 
AU at the a band of chlorophyll a (680 nm) was performed using the Spectral 
normalisation program (Chapter 2), where comparison was made between spectra. 
The spectral differences between samples were calculated from normalised 
spectra. The absorbance at each wavelength (400 - 750 nm) of one spectrum was 
subtracted from the corresponding absorbance of a second spectrum. The resulting 
difference spectrum was saved automatically in text file format. Differentiation to 
the fourth order was performed on saved in-vivo absorbance spectra using the 
specifically developed Spectral derivatives program (Chapter 2). The fourth 
deri vati ve spectra were automatically saved in text file format. 
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3.2.5 Pigment analysis 
Selected species 

Five species with different morphological characteristics were selected from the 

original eight species studied in this chapter: Microcystis aeruginosa (unicellular), 

Anabaena variabilis (filamentous), Aphanizomenan fIas-aquae (tilamentous), 

Chlorella vulgaris (unicellular) and Scenedesmus acuminatus (mulitcellular). 

Extraction and measurement of chlorophyll a 

For each species studied a series of dilutions, using optically pure water, were 

made from the stock culture. Either 25 (Cyanobacteria) or 20 (Chlorophyceae) 

samples covering a range of chlorophyll a concentrations (0 - 1000 Ilg rl) were 

made each with a sample volume of 200 ml. 

The extraction of algal pigments was carried out based on the standard method 

(Arar 1997), which forms a suitable method for the determination of chlorophyll a 

in freshwater algae. The method was modified to increase the sensitivity by 

adjusting the sample and extract volumes. The modified method is shown in 

Appendix D. 

Chemicals and Reagents 

An Aqueous acetone solution (90 %) was prepared by adding 100 ml of optically 

pure HiPer Solv for HPLC water (BOH Laboratory supplies, UK) to 900 ml of 

spectophotometric grade Acetone (Aldrich, UK). 

Method procedure 

In-vivo absorbance spectra were recorded for each of the samples before the 

extraction. Each of the 200 ml samples were filtered through a 47 mm GF/C filter 

(Whatmans, UK), under gentle pressure using a vacuum pump. The filter paper 

was then removed and transferred to a grinding tube. A small quantity of fine acid 

free sand and 5 ml of aqueous acetone solution was added, and the paper ground 

to a pulp. The contents were then carefully removed to a centrifuge tube wrapped 
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in foil, and the grinding tube washed out in to the centrifuge tube using 5 ml of 
aqueous acetone solution. The centrifuge tube was then sealed and well shaken 
and left in the dark at 4 °C for 24 hours to steep. The procedure was repeated for 
all the dilution samples. A control sample was also prepared using HPLC grade 
water. 
After 24 hours, the extracts were clarified by filtered through a clean GF/C filter 
paper. The extract was then made up to 25 ml by washing the filter with aqueous 
acetone solution to recover any pigment adsorbed by the filter. The absorbance of 
the extract was then recorded by the instrument with the 10 mm dip probe, with 
aqueous acetone solution as a reference. Samples were found to have minimal 
pheopigments and therefore no correction was made for these degradation 
products. The whole procedure was performed under subdued lighting to 
minimise the effects of sample degradation. 
Calculation of concentrations 
Chlorophyll a concentrations were computed using Jeffrey and Humphrey's 
trichromatic equations (1975) as follows: 
Where: 
CE= Concentration (mg r1) of chlorophyll a in the extraction solution. 
Aa = Absorbance (AU) at 664 nm 
Ab = Absorbance (AU) at 647 nm 
Ac = Absorbance (AU) at 630 nm 
For each of the extract spectra, the absorbance at wavelengths of 664,647 and 630 
nm were subtracted from the absorbance at 750 nm to correct for any baseline 
variations. 
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The concentration of chlorophyll a obtained from the 25 ml extract solution (CE) 
was corrected for the effect of concentrating the sample from 200 ml to 25 ml, by 
dividing CE by eight (200 / 25 = 8). The corrected concentration was then divided 
by 1000 to give the final concentration in Ilg rl chlorophyll a. 
Chlorophyll b was initially also calculated for the two Chlorophyceae species, but 
was found to be highly variable due to the very low concentrations. It was 
therefore decided not to continue with this as it was felt a more suitable method 
would be required if chlorophyll b analysis was to be included. 
Chlorophyll a regression 
Predictive models were computed using the regression technique. The in-vivo 
absorbance at 680 nm, expressed in mAU, was plotted on the Y axis versus the 
chlorophyll a concentration derived from the extraction method, in Ilg rl, on the 
X axis. A linear trendline was fitted to the data. The slope of the trendline and the 
regression coefficient were used to compare calibrations for different species. 
Precision of extraction method for chlorophyll a 
As the in-vivo absorbance method is strictly correlative, the accuracy of this 
method can never exceed the accuracy with which the measurements are 
calibrated. The precision of the method was therefore assessed by performing the 
extraction procedure on separate aliquots of the Microcystis aeruginosa culture, 
each of the same chlorophyll a concentration. Five aliquots were used for each of 
the three concentration levels, relating to low, middle and high regions of the 
chlorophyll a calibration. The final concentrations were compared as the SD and 
% RSD. 
Limit of detection for chlorophyll a 
The limit of detection (LOD) for the in-vivo detennination of chlorophyll a was 
calculated using the linear regression models. Absorbance values of 2 and 5 mAU 
derived as three times the standard deviation of a blank measurement, calculated 
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in Chapter 2, were used as the signal levels. The lower level represents an ideal 
and the higher level a more realistic level for natural waters. 
3.2.6 Cell numbers quant(fication 
Dilutions of the stock culture were made in the same way as for the pigments 
extraction. A series of twenty-two dilutions were made for each species covering 
a wide range of cell densities. The in-vivo absorbance spectrum was first recorded 
for each of the dilutions using the developed dip probe spectrophotometer as 
detailed in Section 3.2.3. The number of cells in each sample were then counted 
using a haemocytometer counting chamber with a total volume of 1/400 mm2 and 
a standard light microscope under 400 X magnification. Cell counts were 
performed twice for each sample and the number of ce1ls per millilitre was then 
calculated using the mean and compared to the absorbance at 750 nm (neutral 
density wavelength). 
Cell number regression 
Regression was performed on the data in the same way as the pigment data. 
Predictive models were computed using the in-vivo absorbance at 750 nm, 
expressed in mAU, which was plotted on the Y axis versus the mean number of 
cells on the X axis. A linear trendline was fitted to the data. The slope of the 
trendline and the regression coefficient were used to compare calibrations for 
different species. 
Limit of detection for cell numbers in-vivo 
The LOD for the in-vivo determination of cell numbers was calculated using the 
linear regression models. Absorbance values of 2 and 5 mAU were derived as 
three times the SD of a blank measurement, calculated in Chapter 2, were used as 
the signal levels. The lower level represents an ideal and the higher level a more 
realistic level for natural waters. 
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3.3 Results and discussion 
3.3.1 Raw absorption spectrum 
The raw in-vivo absorbance spectrum for the Cyanobacterium Anabaeana 
variabilis is shown as Figure 3.1. The spectrum covers the complete spectral 
range of the instrument (200 - 850 nrn) and is made up of 2048 individual datum 
points. Figure 3.1 shows that the spectrum is located above the baseline of zero 
absorbance at all wavelengths. Within the near infrared (750 - 850 nm), no 
pigments are known to absorb. This indicates that the significant absorbance in 
this region is due to the loss of light away from the detector as a result of particle 
scattering. Absorbance from cellular non-pigment material such as cells walls 
may well also be partly responsible for the absorbance in this region. The fraction 
of incident light scattered away from the detector is known to be constant over the 
400 - 750 nm wavelength range (Bricaud et al. 1988). Therefore, correction can 
be made for this by subtracting the absorbance at 750 nm from all other 
wavelengths. 
The results clearly show that the main spectral characteristics of Anabaena 
variabilis were measured between 400 - 750 nm. This 350 nm wide region 
contains the absorbance features from the photosynthetic pigments and consists of 
1038 data points forming the continuous spectrum. In general, at wavelengths 
below 400 nm the absorbance dramatically increases to well over the instrument 
range. The very high absorbance within the ultraviolet is due to many factors 
including the nutrients within the growth medium and the cellular component of 
the algae. This region of the spectrum is therefore less significant in identifying 
pigment features. 
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Figure 3.1 Raw in-vivo absorbance spectrum for Anabaena variabilis measured 
using the developed instrument. 
3.3.2 In-vivo absorption spectra 
In the following desc ription s the numbers in the text refer to the numbered 
features on the related spectra in the figures. The numbers are not comparable 
between spectra. 
Cyanobacteria 
Figure 3.2A shows the nonnalised in-vivo absorbance spectmm for the labora tory 
grown cultu re o f Anabaena variabilis. The spectmm has a continuous nature as a 
result of the la rge number of absorption bands from the many pigments. The 
trong ex. band of chlorophyll a (7) on F igure 3.2A has an absorbance maximum at 
678 nm. The Soret band (2) has a maximum at 437 nm and characteristically 
shows greater absorbance than the ex. band. The shou lder located at 417 nm (1) is 
also attributable to chlorophyll a. All the measured characteristics shown in this 
spectra agree with the research by Hopeffllc r and Sathyendranath ( 1991). 
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The carotenoid absorbance can be seen as a broad shoulder on the side of the 
Soret chlorophyll a peak. The centre of this shoulder is located at 492 nm (3). 
This broad shoulder could be due to several carotenoids: ~ carotene, echinenone, 
myxoxanthophyll and zeaxanthin are all found in Cyanobacteria. The low 
absorbance in the carotenoid region is due to the low light intensity and the 
con·csponding low concentration of photoprotective carotenoids. The broad 
phycocyanin absorption peak contains several small features. A slight shoulder 
can be seen at 595 nm (4) and two peaks located at the absorption maxima at 621 
nm (5) and 632 nm (6). These are due to C-phycocyanin the most common 
phycocyanin in Cyanobacteria (Kirk 1994). 
Figure 3.28 shows the normalised in-vivo absorbance spectrum for the laboratory 
grown culture of Aphanizomenon flos-aquae. The spectrum shows a relatively 
high absorbance within the blue and green region. The chlorophyll a Soret band is 
located at 437 nm (2), a small peak (1) at the slightly lower wavelength 411 nm is 
also due to chlorophyll a. The a band of chlorophyll a is located at 676 nm (8). 
Thcre are three further peaks located within the near infrared. These peaks may be 
due to satellite band from chlorophyll a (Aguirre-Gomez et al. 2001). The 
carotenoid absorbance is very broad forming a wide convex feature with only one 
small shoulder at 518 nm (3), which was not identified to a specific pigment. The 
phycocyanin absorbance shows several small features on a less pronounced peak 
as a result of the higher absorbance in the green region. Features 6 and 7 relate the 
two absorption maxima from C-Phycocyanin absorbance at 615 and 629 nm. 
Figure 3.3 shows the normalised in-vivo absorbance spectrum for the laboratory 
grown culture of Microcystis aeruginosa. The absorbance peaks due to 
chlorophyll a are located at 421 nm (1), the Soret band at 440 nm (2) and the a 
band (9) at 680 nm. The absorbance due to the carotenoids forms a wide shoulder 
on the side of the chlorophyll a Soret band. Features 3 and 4 at 471 and 491 nm 
respectively are attributable to carotenoid absorbance, probably due to zeaxanthin 
(Grzymski et al. 1997). The Phycocyanin peak with a maximum at 628 nm (7) is 
relati vcly low compared to the a band of chlorophyll a. Small features can be 
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seen within the phycocyanin absorbance region at 584 nm (5) and 618 nm (6) 
attributable to C-phycocyanin. The small feature at 638 nm (8) may be due to a 
further phycobiliprotein allophycocyanin that absorbs at slightly longer 
wavelengths. The lack of any peak at 570 nm in all of the tested cyanobacteria 
indicates very low concentrations or an absence of phycoerythrin. 
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Figure 3.2 In-vivo absorbance spectra for Cyanobacteria A) Anabaena variabilis, 
B) Aphanizomenon jIos-aquae. 
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Figure 3.3 In-vivo absorbance spectra for Cyanobacteria Microcysfis aeruginosa. 
Chlorophyceae 
Figure 3.4A shows the normalised in-vivo absorbance spectrum for the laboratory 
grown culture of Scenedesmus acuminatus. The spectrum is typical of a 
chlorophyll a and b containing algae, showing a window of little absorbance 
within the green region of the spectrum. The absorption features due to 
chlorophyll a are located at 418 nm (l) and 434 nm (2) for the Soret band and 678 
nm (8) for the ex band (Hoepffner and Sathyendranath 1991). Smaller peaks with 
lower absorbance are located at 591 nm and 618 nm, peaks 5 and peak 6 
respectively. These are due to satellite bands of chlorophyll a (Smith and Albert 
1994) and can only be seen due to the lack of other accessory pigmentation in this 
region of the spectrum. Peak 4 at 565 nm was not identified. The ex band of 
chlorophyll b is observed at 655 nm (7) as a shoulder on the ex band of chlorophyll 
a. The Soret band of chlorophyll b along with the carotenoids luetin and ~ 
carotene (Grymski et al. 1997) form a shoulder on the side of the chlorophyll a 
Soret band (3). The shoulder has a central wavelength value of 474 nm. 
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Figure 3.4B shows the normalised in-vivo absorbance spectrum for the laboratory 
grown culture of ChIarella vulgaris. The absorbance spectrum indicates the 
presence of chlorophyll a as absorption bands at 440 nm (1). The a band for 
chlorophyll a is located at 683 nm (7). This was the longest wavelength maximum 
observed for the a band of chlorophyll a. Peaks at 577, 588 and 620 nm 
corresponding to peaks 3, 4 and 5 respectively are also probably due to 
chlorophyll a as satellite bands (Hoepffner and Sathyendranath 1991). The broad 
shoulder within the carotenoid absorbance region (2) is probably attributable to 
the Soret band of chlorophyll b, luetin and ~ carotene, the major carotene in green 
algae (Smith and Albert 1994). The a band of chlorophyll b is clearly shown as 
the characteristic shoulder at 655 nm (6). The two small peaks 8 and 9 located at 
722 and 741 nm are unlikely to be due to visible pigments due to their high 
wavelengths. 
Figure 3.5A shows the normalised in-vivo absorbance spectrum for the laboratory 
grown culture of Staurastrum chaetoceros. The absorption spectrum shows a 
large number of spectral features with 12 visible. Peaks 1, 2 and 10 are located at 
420, 436 and 676 nm respectively and are attributable to the Chlorophyll a 
absorption bands. The shoulder at 651 nm (9) is due to the a band of chlorophyll 
b. The Soret band is located as part of the shoulder at 466 nm (3) along with the 
carotcnoids. This shows good agreement with Grzymski et al. 1997 who 
suggested a wavelength maximum for lutein between 460 - 470 nm. Within the 
green region of the spectrum the absorbance is low but shows five small features 
located at 533 nm (4),546 nm (5), 573 nm (6), 588 nm (7) and 620 nm (8). These 
are undoubtedly due to the chlorophyll a and b satellite bands. Absorption peaks 
at 707 nm (11) and 744 nm (12) were unidentified but may be the result of 
di [ferent interactions between chlorophyll a molecules and other compounds such 
as water or phaeophytins (Hoepffner and Sathyendranath 1991). 
Figure 3.5B shows the normalised in-vivo absorbance spectrum for the laboratory 
grown culture of Spirogvra mirabilis. The absorbance spectrum shows the main 
teatures for chlorophyll a at 412 nm (1) and 434 nm (2) and 677 nm (Peak 8) 
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representing the small shoulder and peak of the Soret band and the ex band 
respectively. The a band of chlorophyll b form a small peak (7) located at 647 
nm, this is the lowest wavelength observed for the ex band of chlorophyll a. 
Within the 540 to 640 nm there are a number of small peaks located at 544 nm 
(4), 586 nm (5) and 606 nm (6), theses small features are probably due to either 
chlorophyll a or b. The small peak at 742 nm (9) is probably not due to a pigment 
as it is at too high a wavelength. 
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Figure 3.4 In-vivo absorbance spectra A) Scendesmus acuminatus, B) Chlorella 
vulgaris. 
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Figure 3.5 In-vivo absorbance spectra A) Staurastrum chaetoceros and B) 
Spirogyra mirabilis. 
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Bacillariophyceae 
Figure 3.6 shows the in-vivo absorbance spectrum for the laboratory grown 
culture of Asterionella formosa. The absorbance spectrum shows high absorbance 
in the blue region of the spectrum. This is due partly to the high intensity of the 
Soret band of chlorophyll c and the presence of the carotenoid fucoxanthin. This 
results in the yellow brown colour masking the green of chlorophyll a. The 
chlorophyll a Soret band 437 nrn (2) is however still clear with a small shoulder at 
417 nm (1). The region between the chlorophyll a Soret peak and 550 nm is 
characterised by a relatively featureless sloping spectrum with only slight 
deviations located at 454 nm and 487 nm (3 and 4). These features indicated the 
presence of both chlorophyll c and carotenoids of which fucoxanthin is the major 
one in Bacillariophyceae (Grzymski et al. 1997). Within the 550 to 650 nm region 
there are three peaks. Peaks 6 and 7 are located at 616 nm and 635 nm and 
represent the two a bands of chlorophyll c. Chlorophyll c differs from 
chlorophyll's a and b in that it has two a bands (Rowan 1989). Peak 5 at 587 nm 
may also be due to chlorophyll c (Johnsen et al. 1994) but may also be influenced 
by chlorophyll a (Hoepffner and Sathyendranath 1991). The a band of 
chlorophyll a is located at 675 nrn. 
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Figure 3.6 In-vivo absorbance spectrum for AsterioneLla formosa. 
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3. 3.3 Comparison ofin-vivo spectra between classes 
Figure 3.7 A and B show the overlaid normalised in-vivo absorbance spectra for 
Anabaena variabilis and Scenedesrnus acuminatus and the computed difference 
spectrum (Anabaena absorbance - Scenedesmus absorbance). The diffe rence 
spectmm shows the maj or differences between the two classes. A positive 
di fference is observed between 525 - 680 nm due to the large broad phycocyanin 
peak in the cyanobacteria which masks the much smaller chlorophyll a bands 
observed in the Chlorophyceae spectrum. The Soret band peak also shows little 
difference in amplitude between the two species. The higher absorbance in the 
hlorophyceae spectrum due to the Soret band of chlorophyll b at around 480 nm 
can be seen as a negative difference in the 450 - 500 nm region. 
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Fi gure 3.7 A) Overla id in-vivo absorbance spectra for Anabaena variabilis and 
Scenedesmus acuminatus and 8) difference spectmm. 
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Figure 3. 8 A and 8 shows the overlaid in-vivo spectra for Anabaena variabi lis and 
Asterionella formosa and the computed difference spectrum (Anaba ena 
absorbance - Asterionella absorbance). The much greater amplitude in the 400 ­
550 nm spectral region of the Asterionelfa formosa spectnllTI due to chlorophyll c 
and fucoxanthin is clearly shown in the difference spectrum as the wide negative 
region . The amplitude of the chlorophyll a Soret peak is also much greater due to 
the influence of the intense ch lorophyll c Soret band . The difference spectrum 
clearly shows the contrast in the intensity between the phycocyanin and 
chlorophyll c absorbance wit hin the 600 - 650 nm region. 
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Figure 3.8 A) Overlaid In-vivo absorbance spect ra fo r Anabaena variabils and 
Asterionellaformosa and B) difl erence spectmm. 
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Figure 3.9 A and B shows the overlaid in-vivo spectra for Scenedesmus 
acuminalus and AsterioneLLa formosa and the computed difference spectrum 
(Scenedesmus absorbance - Asterionella absorbance). Again, the high absorbance 
in the 400 550 nm region results in the major difference between the spectra. 
The presence of chlorophyll b in the Chlorophyceae and not the BaciJlariophyceae 
produces a positive difference centred on 655 nm. The chlorophyll c absorbance 
in the diatoms produces only a small difference within the 600 - 650 nm range 
due to the low amplitude of the two ex bands within this region. 
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Figure 3 .9 A) Overlaid in-vivo absorbance spectra for Scenedesmus acuminatus 
and ASlerioneliaformosa and B) difference spectrum. 
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There was noticeable variability in the peak wavelength locations between the 
species studied. For the Soret band of chlorophyll a the peak varied between 434 
nm (Scenedesmus accuminatus and Staurastrum chaetoceros) to 440 nm 
(Microc.vstis aeruginosa and Chlorella vulgaris). Asterionella formosa gave a 
peak at 437 nm. The ex band of chlorophyll a in the red end of the spectrum also 
showed variability with the wavelength ranging from 675 nm for Asterionella 
.formosa) to 683 nm for Chlorella vulgaris. This variation in peak wavelength 
could not be assigned to the ditTerent classes and most probably renect the slight 
physiological differences between the species studied. 
Variations in peak wavelengths are encountered in the literature both between 
authors and between species. Differences in the absorbance maxima for the 
accessory pigments renect the different carotenoids and phycobiliproteins present 
in the different species. The wavelength accuracy and high resolution of the 
instrument used in this study means that the data presented is highly accurate for 
the species studied under the specific environmental conditions. 
The results have shown that the spectral characteristics and differences between 
classes can be simply identified using the developed instrument. The high 
resolution of the ceo detector provides highly detailed absorption spectra, with 
small features that are not observed with lower resolution instruments. The small 
variations observed between algal species of the same classes require a more 
powerful analysis technique, such as fourth derivative analysis but for identifying 
major differences between classes the difference spectra proved very useful. 
3.3.4 Fourth derivative analysis 
Figure 3.lOA shows the fourth derivative spectra for the Cyanobacterium 
Anabaena variabilis computed from the in-vivo absorbance spectrum Figure 3.2 
A. The derivative spectrum contains fourteen peaks within the 400 - 750 nm 
region. As with the description of the absorption spectra the numbers in the text 
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refer to the numbers on the figures. The peaks range in amplitude, with the 
chlorophyll a Soret and a bands located at 440 nm (2) and 683 nm (12) 
respectively being of the greatest height. The peak at 414 nm (1) confim1s the 
presence of a true absorption feature due to chlorophyll a within the in-vivo 
absorption spectrum. Between the two chlorophyll a bands at either end of the 
spectrum the height of the other individual peaks is much reduced. Some of the 
peaks are identifiable to pigment groups, the peak at 470 (3) is attributable to 
carotenoid absorbance and the peak at 497 nm (4) can be confirmed to be due to ~ 
carotene (Smith and Albert 1994). Satellite band of chlorophyll a may be the 
reason for peaks 7 and 8. Peaks 9 and 10 at 618 nm and 636 nm shows the 
separation of the phycocyanin peak indicating the presence ofC-phycocyanin. 
Figure 3.1 OB shows the fourth derivative spectra for the Chlorophyceae Chlorella 
vulgaris computed from the in-vivo absorbance spectrum Figure 3AB. The fourth 
derivative spectrum shows a lot of structure with seventeen peaks. The 
chlorophyll a peaks are located at 414 nm (1), 441 nrn (2) and 686 nm (14); these 
show good agreement with values published by Butler and Hopkirk (l970b). Peak 
3 at 472 nm and peak 12 at 650 nm correspond to chlorophyll b (Smith and Albert 
1994). Peak 4 at 496 nrn can be linked to ~ carotene (Smith and Albert 1994). 
Peak 6 at 546 nm may be attributable to either or both chlorophyll band 
neoxanthin (Smith and Albert 1994). Peaks 5 - 9 are located within the green 
window where the absorbance is characteristically low in the Chlorophyceae. 
These peaks are therefore difficult to identify to specific pigments, as the noise 
component of the signal within this region is often very high. 
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Figure 3.10 Fourth derivative spectra for A) Anabaena variabilis, B) Chlorella 
vulgaris and C) Asterionellaformosa. 
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Figure 3.lOC shows the fourth derivative spectra for the Bacillariophyceae 
Asterianellafarmasa computed from the in-vivo absorbance spectrum Figure 3.6. 
The absorbance spectrum for this species shows less pronounced characteristics in 
the carotenoid and Soret region of the spectrum. This is ret1ected in the fourth 
derivative with no significant amplitude to the chlorophyll a Soret band (2) 
located at 438 nm. Other chlorophyll a peaks are located at 413 nm (1) and 674 
nm (13). The chlorophyll c peaks at 460 nm (3) and 472 nm (4) show agreement 
with Bidigare et al. (1989) as does the peak at 637 (12) which also cOlTesponds to 
chlorophyll c. Peak 11 at 617 may also be due to chlorophyll c (Smith and Albert 
1994). 
3.3.5 Chlorophyll a calibration 
The results for the calibration of chlorophyll a are shown in Table 3.2. The results 
demonstrate a strong linear correlation between in-vivo chlorophyll a absorbance 
at 680 nm and the chlorophyll a concentration determined from the extraction 
method. The regression coefficients expressed as the 1'2 value varied between 
0.993 - 0.961 for Anabaena variabilis, Microcystis aeruginosa (Figure 3.11), 
Chiarella vulgaris and Scenedesmus aCUlninatus. The filamentous 
Cyanobacterium Aphanizomenon fios-aquae gave a value of ,-2 = 0.8. This 
indicates that for these species in-vivo light absorption by chlorophyll a at 680 nm 
obeys the Beer Lambert Law within the concentration range studied. 
Variation in the slope of the regression was observed between the individual 
species, see Table 3.2. The two Chlorophyceae species showed the highest slope 
of over 0.3. The slope of Microcystis aeruginosa and Aphanizomenon fios-aquae 
calibrations were slightly lower. The slope of the Anabaena variabilis calibration 
was the lowest at 0.1812. These discrepancies may originate from the package 
effect. Small cells in general show a weak package effect compared to large cells 
or filaments (Bricaud et at. 1988). The small Microcystis aeruginosa cells (3 - 4 
llm diameter) would therefore display a weaker package etTect compared to the 
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larger filaments of Anabaena variabilis. Therefore, the larger cyanobacteria show 
a slightly lower absorbance per unit of chlorophyll a and the slope of the 
calibration is lower. The linear nature of the calibration however suggests that 
any package effect also shows a linear increase over the concentration range 
studied. 
FUlthermore, the straight line regression between in-vivo absorbance and chemical 
measurements indicated that fluorescence of algal and Cyanobacterial pigments 
does not interfere with the measurements in the range studied (0 - 1000 Ilg rl), 
since there was no deviation from the linear correlation at high concentrations. 
This agrees with the work of Faust and Norris (1985) who also showed no 
deviation at the high end of a chlorophyll a calibration. 
Table 3.2 Regression parameters for Chlorophyll a calibration. 
Species Range Slope Intercept ,.2 Number of 
(Ilg }"I) data points 
Microcystis 0-750 0.2641 - 1.9584 0.9934 25 
Anabaena 0-1000 0.1812 + 2.6574 0.9660 25 
Aphanizomenon 0-650 0.2751 - 7.7226 0.8000 25 
Chlorella 0-500 0.3150 + 0.2983 0.9892 20 
Scenedesmus 0-350 0.3206 + 2.1175 0.9618 20 
_... 
-----_.-~--... 
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Figure 3.11 fn-vivo absorbance at 680 nm verses extracted chlorophyll a 
concentration fo r the Cyanobacterium Microcystis aeruginosa. Red line shows 
best fit. 
Precision of chlorophyll a extract ion method 
The results of the prec ision experiment performed on A1icrocystis aeruginosa 
samples are shown in Table 3.3. The results show that the precision was greatest 
at the lower concentrations and decreased as the concentration increased. The 
RSD for five replicates varied from 1.38 to 4.69 %. This compares well with the 
published method precision of 5.62 % RSD (n = 7) (Arar 1997). It is thought that 
the incomplete extraction of pigments from the cells of high concentration 
samples results in the lower precis ion at higher concentrations. At very low 
concentrat ions near the instrument limit of detection, the prec iSion would also be 
expected to dec rease. 
11 0 

I 
-

The wide dynamic range makes the instrument very versatile, allowing the 
potential to monitor very high concentration algal blooms or laboratOlY grown 
cultures without the need for dilution. FurthelIDore, these results confirm the 
sensitivity and suitability of the developed instrument for the proposed monitoring 
I .1application. 
I 1 
3.3.6 Cell numbers calibration ~ i 
The results of the regression of cell numbers versus absorbance at 750 nm are 
shown in Table 3.4. All three species examined show a strong linear correlation 
.1 
Table 3.3 Comparison of precision for the chlorophyll a extraction method. 
Sample set Concentration Number of SO RSD 
(~g rI) data points 
_._----, .--.-.------.~-.'"---"-" --'"--"-------"-,-.~--.".---,,--,-,~'"'" 
Low 125 5 1.85 1.38 
Middle 346 5 10.80 3.11 
High 468 5 26.90 4.69 
Estimated limit of detection for in-vivo chlorophyll a 
The standard deviation of the baseline noise level measured in Chapter 3 was used 
to calculate the LOD. Three times the SD of the noise gives a level of 0.0015 AU 
at 500 nm and 0.0024 AU at 780 nm. A level of 0.002 AU was chosen as a low 
level and a 0.005 AU as a slightly higher level that may be more realistic of a 
highly turbid and therefore noisier natural environment. Due to the differences in 
the intercepts between the five species studied (Table 3.1) the estimated LOD 
corresponding to the two absorbance levels varied between the species. An 
average for all species was therefore calculated. For the lower level corresponding 
to 2 mAU an estimated limit of detection of 8 Jlg rI chlorophyll a was achieved. 
At the slightly higher level corresponding to 5 mAU an estimated detection of 20 
~g rl chlorophyll a was achieved. 
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between in-vivo absorbance at 750 nm and the number of eells per mill ili trc. The 
highest correla ti on of determination of ,.2= 0.9866 was obtained for Microcystis 
aerugillosa . The variabi lity in the slope of the calibrations ret1ects the va ri ety of 
cell size, shape and internal structure between the three species resulting in the 
residua l absorption in the near infrared va rying between species. Microcystis 
aeruginosa being the sma llest cell size of the species stlJdied show'ed the smallest 
slope of 6-8 and the greatest number of cells within the absorbance range. 
Table 3.4 Calibration parameters for cell numbers calibrati on. 
Range Slope Intercept '1r Nu mber of 
data points 
6-RMicrocystis 0-7.0 0 - -0. 0006 0.9866 23 
Chlorella 0-2.5 +6 r 7 +0.0699 0.9770 23 
3-7Scent'deslnus 0-6.5+6 +0.0333 0.9896 23 
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Figure 3.12 In-vivo absorbance at 750 nm versus cells per ml for Scelledesmlfs 
accumina/us. Red li ne indicates best fit. 
112 

-Limit of detection of cell numbers 
An estimated limit of detection was calculated using the Microcystis calibration. 
At the 2 mAU level the estimated limit of detection was 4.3 x 104 cell per 
millilitre, at the higher level of 5 mAU the level increases to 9.3 x 104 cells. The 
estimated limit of detection shows the cell sensitivity to be inline with the 
chlorophyll a sensitivity. These levels are specific to the Microcystis aeruginosa 
species and represent the potential sensitivity for this species. Species with a 
larger cell size would be detectable at a lower number of cells. 
3.4 Summary 
The results presented in this chapter demonstrate that the in-vivo absorbance 
spectra acquired using the developed instrument agree with both the accessory 
pigmentation of the three algal classes and the wavelength peak maximum 
published by previous workers in this field. Therefore, the instrument is suited to 
the application of using absorption features for monitoring of algal blooms. 
The major differences in pigment composition between the algal classes is clearly 
seen in the variation in the in-vivo absorbance spectra. The ditference spectra 
illustrate the major differences in accessory pigmentation and the regions of the 
spectrum where more detailed observation should be focused. The information on 
the di tTerences in pigmentation and the resulting absorption features will be of 
great value in the classification of unknown samples to the correct class or genus. 
It is also clear from the differences between the absorbance spectra of species 
within the same class, which therefore contain very similar pigmentation, that it is 
not only the pigment composition, which is affecting the shape of the absorbance 
spectrum. 
The results presented here demonstrate that with careful calculation, fourth 
derivative spectroscopy can be used on suspensions of algal cells. The high 
resolution of the instrument provides detail previously not observed with lower 
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resolution instruments, allowing for the accurate determination of peaks not 
clearly visible in the in-vivo absorbance spectrum because they form secondary 
peaks or shoulders. 
It appears from the results obtained here that the spectral variation provided by the 
accessory pigments may allow discrimination between the three algal classes. 
I,arge ahsorption features suitable for classification are provided by phycocyanin, 
chlorophyll band c. Many small features are located within the green window and 
may be dramatically affected by the noise level. The use of these minor features 
may therefore represent a challenge for any classification methodology. 
This chapter also demonstrates that the concentration of chlorophyll a and the 
number of cells per unit volume of a sample can be determined from in-vivo 
ahsorption spectra gained fi'om the developed instrument. The calibration plots 
differ slightly in their regression parameters between the species. Therefore the 
individual calihrations are specific to single species. The reasons for the 
di ftc-rences may be attributable to variations in cell size, form and internal 
structure, which comhine to result in differences in the packaging effect. 
The chlorophyll a calibrations show the etTective range of the instrument. It is 
dear that the linear dynamic range of the developed instrument of up to 1 000 ~g 
I 1 with an estimated limit of detection of 8 Ilg r1 chlorophyll a makes the 
instrument ideally suited to monitoring in eutrophic waters. The cell numbers 
calibrations demonstrate the usc of the neutral wavelength absorbance at 750 nm 
in determining the algal biomass. The wide linear dynamic range of the developed 
instrument demonstrates that an extensive range of cell numbers can be 
quant i tied. 
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CHAPTER 4 
THE INFLUENCE OF LIGHT INTENSITY AND NUTRIENTS 
A V AILABILITY ON IN-VNO ABSORBANCE 
4.1 Introduction 
Light intensity and nutrient availability are two environmental variables that have 
a major influence on the dynamics and structure of the phytoplankton community 
in aquatic environment. Moreover, the bio-optical properties of algae and 
cyanobacteria are known to change under physiological acclimation and 
adaptation (Kirk 1994). Modifications in the bio-optical properties of 
phytoplankton are of fundamental importance to monitoring methods based on 
these properties. 
While no single environmental factor regulates the growth of bloom forming 
cyanobacteria, light is the most critical (Millie et al. 1990). The physiological 
responses to irradiance levels and quality with respect to photosynthesis and 
optical propcliies have been extensively studied. The major adaptive responses 
and photoadaptation rates are well documented for marine and freshwater species 
(Kellar and Paerl 1980; Paerl et al. 1983; 1984; 1985; Lewis et al. 1984; Millie et 
aL. 1985a; Falkowski and LaRoche 1991; Prezelin et at. 1991; Kirk 1994, Johnsen 
et al. 1994~ Schanz and Burri 1995 and Schulter et at. 2000; Lutz et al. 2001). 
An alteration in the ratios of the different pigments is a common physiological 
response to changing irradiance. Previous work by SooHoo et al. (1986) showed 
that the effects of photoadaptation to the absorbance characteristics were greater 
than that observed between the pigment signatures of specific species. Moreover, 
if this is tme, such adaptation could dramatically affect a classification 
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methodology based on pigment signatures. Therefore, it is important to record the 
adaptive responses using the developed instrument as the spectral changes may 
influence characteristic pigment features. The determination of spectral adaptation 
due to irradiance is certainly required before classification methodologies can be 
reliably applied to natural environments. 
In addition to the light induced changes, variations can occur which are due to 
nutrient deficiency. Nitrogen limitation was shown to have a significant effect on 
the optical properties of the marine chlorophyta Dunaliella tertiolecta (Sosik and 
Mitchell 1991) and both the in-vivo absorption and fluorescence spectra of the 
freshwater cyanobacteria Microcystis aeruginosa (Lynch 1999). Using HPLC 
pigment analysis Schluter et al. (2000) showed that the ratio of chlorophyll a to 
accessory pigments was significantly influenced by nutrients in a wide range of 
estuarine and coastal phytoplankton species. 
As the in-vivo absorbance spectrum reflects the response to changing 
environmental and endogenous variables (Millie 1995b), the potential exists to 
use the alterations to the in-vivo absorbance spectrum to characterise the 
physiological status of a sample or population. Consequently, this presents the 
possibility of being able to differentiate between nutrient stressed populations, 
which have reached a maximum biomass, from healthy non limited populations 
with the potential to further increase in biomass. The developed instrument 
provides the opportunity to identify these changes due to the high resolution full 
spectrum. 
The aims of this chapter are to use the developed instrument to determine the 
variability in the in-vivo absorbance spectra of several selected freshwater algal 
and cyanobacterial species due to adaptation in response to irradiance and nutrient 
availability. Where specific pigments can be identified as responsible for the 
spectral change, the significance of such transformation will be discussed with 
reference to the taxonomic classification. Such variability must be identified, as 
116 

any classification methodology used must include such variations to be valid and 
accurate in the classification ofalgal spectra. 
4.2 Materials and methods 
4.2.1 Culture and growth condition 
Species 
Four algal species Microcystis aeruginosa, Anabaena variabilis, Chlorella 
vulgaris and Scenedesmus acuminatus were selected from those studied in 
previous experiments (Chapter 3). These species include unicellular, multicellular 
and filamentous cell forms. Anabaena variabilis was chosen as a nitrogen fixing 
cyanobacteri urn. 
Culture conditions 
The four selected species were grown as 150 ml monocultures in 250 ml flasks at 
25°C. A standard Jaworski's Medium was used for the light adaptation cultures; 
for the nutrient adaptation cultures a modified Jaworski's Medium was used (see 
nutrient levels Section 4.2.1). Illumination was provided by three 30 W Gro-Lux 
tluorescent tube lights giving 20 ~Einstiens m-2 S-1 PAR for the nutrient adaptation 
cultures. For the light adaptation cultures three levels of irradiance were used (see 
incident irradiance). A 12:12 hour light dark cycle was maintained for all nutrient 
and light cultures. 
Incident irradiance 
Three levels of PAR were chosen to simulate probable levels of irradiation in a 
natural environment. These levels were obtained by using two different light 
sources. The low light (LL) and medium light (ML) cultures were illuminated by 
ORO-LUX 30 W t1uorescent tubes in a Bnmswick Scientific incubator to an 
irradiance of 10 and 50 ~Einstiens m·2 S-1 PAR respectively. The high light (HL) 
cultures were illuminated by an Elite Optics OHP projector model 914 with a 
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The Redfield atomic ratio of 16:1 for N:P was used as a standard non-limiting 
condition (optimal level) to provide adequate nutrients for healthy cell growth 
(Reynolds 1984). Ratios for Nand P limiting conditions were based on the work 
of Redfield et al. (1963). The nitrogen limiting culture with no source of nitrogen 
was used to allow Anabaena variabilis to fix gaseous nitrogen. Concentrations of 
nitrogen and phosphorus were kept high compared to levels that might be 
expected in natural waters to allow a reasonable biomass to be obtained before 
nutrient limitation was observed. Table 4.1 shows the nutrient condition, 
corresponding levels of nitrogen and phosphorus and the N : P ratio. 
Table 4.1 Nitrogen and Phosphorus concentrations used to give different nutrient 
conditions. 
Nutrient status Nitrogen Phosphorus Ratio 
(Jlg rl) (Jlg rl) N:P 
Optimal Nand P level 8000 500 16:1 
N limiting 2500 500 5: 1 
NoN 0 500 
P limiting 8000 320 25:1 
4.2.2 Measurement and data analysis 
In-vivo absorbance 
Absorbance spectra were recorded every day from the early exponential growth 
phase until all cultures had reached a maximum density. From each culture, 5 ml 
of samples was taken, using sterile techniques, for analysis. The standard 
operating procedure (Appendix C) was followed for the use of the instrument. 
Samples were analysed using the same settings as explained in Chapter 3. Where 
sample absorbance was above the dynamic range of the instrument the sample 
was quantitatively diluted using optically pure water to an absorbance within the 
range of the instrument and the result corrected by the appropriate dilution factor. 
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Spectral processing and data analysis 
All spectra were corrected to minimise scattering effects. The corrected spectra 
were saved for further analysis. Correction was made for any sample dilution by 
multiplying the original spectrum by the correction factor using specifically 
written software. 
Normalisation to 1.0 AU at the a band of chlorophyll a was performed using the 
spectral normalisation software (Chapter 2) to allow comparisons to be made 
between spectra. For each species the mean absorbance spectra for each specific 
nutrient condition was calculated as the mean of all the individual spectra 
recorded over the monitoring period. The mean spectra were used to show the 
spectral trends. 
Ratios of the absorbance at key wavelengths were calculated from the normalised 
absorbance spectra. Four key features where chosen: Chlorophyll a a band (680 
nm), Chlorophyll a Soret band (440 nm), Phycocyanin (630 nm) and Carotenoids 
(480 nm). Ratios ofnorrnalised absorbance were calculated between: 
1) Phycocyanin: Chlorophyll a u. band 
2) Carotenoids: Chlorophyll a ex. band 
3) Chlorophyll a Soret band: Chlorophyll a ex. band 
4) Phycocyanin: Carotenoids 
Two independent runs of all the experimental conditions were made in order to 
confirm the results gained. 
4.3 Results and discussions 
The results presented in this chapter are taken from the first of the two runs ofthe 
experimental conditions. Both data sets showed the same trends, however slight 
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variations in growth rates and the maximum biomass were observed between runs 
and therefore no direct comparison was made between the two data sets. 
4.3.1 Incident irradiance 
Distinct differences in the in-vivo absorption spectrum were observed in all four 
species between the three light conditions. Variations to the spectral shape were 
identified to be a result of adaptation to the relative pigment composition of the 
algal species, in response to the light environment. The normalised mean 
absorbance spectra for the four studied species, grown under the three irradiance 
conditions are shown in Figures 4.2A, 4.2B, 4.3A and 4.3B. The different light 
conditions are represented by the different coloured spectra on each plot. 
The normalised absorbance spectra for the cyanobacterium Anabaena variabilis 
grown under the three irradiance conditions are presented in Figure 4.2A. A clear 
increase in the absorbance with increasing irradiance was observed in the region 
of low PAR (400 - 550 nm). This can be attributed to the increase in 
photoprotective carotenoids. The large increase in photoprotective carotenoids is 
an adaptive response to the high light levels to prevent photooxidation, which is of 
particular relevance to surface dwelling cyanobacteria (Paerl 1984). Paerl et al. 
(1993) noted that between 85 - 90 % of the in-vivo absorbance at low visible 
wavelengths could be accounted for by carotenoid pigments, this supports the 
large increase in absorbance observed at low wavelengths in the Anabaena 
variabilis spectra. 
Prolonged periods of high light intensities of 320 J.lEinstiens m-2 S-l PAR have 
been proven to produce significant yellowing of algal and cyanobacterial cultures 
due to increased carotenoids. Photoprotective carotenoids also generally show a 
high absorption at slightly lower wavelengths than the photosynthetic carotenoids 
(Bidigare et at. 1990). This suggests that the high absorbance between 400 - 450 
nm under the 500 J.lEinstiens m-2 S-l PAR high light level is the result of the 
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increased absorbance due to photoprotective carotenoids, which overlap the 
chlorophyll a peak. 
Figure 4.2A clearly shows that for Anabaena variabilis the absorption in the 600 ­
650 nm region increased as the light intensity decreased. This change can be 
attributed to the blue accessory pigment phycocyanin, which in cyanobacteria 
dominates the absorbance in this region. Phycocyanin has a well documented role 
in increasing the photosynthetic efficiency of cyanobacteria under low light 
conditions, providing a competitive advantage over species without this pigment 
(Chorous and Bartram 1999). The results presented here for Anabaena variabilis 
agree closely with data presented by Millie et al. (1990) on the bloom forming 
cyanobacteria Oscillatoria Agardhii. 
Unlike the trend observed for Anabaena variabilis, Microcystis aeruginosa Figure 
4.2B showed very little variation in phycocyanin absorbance (600 - 650 nm) over 
the three light levels. Unexpectedly the 500 and 10 ~Einstiens m-2 S-1 PAR levels 
showed a similar absorbance at 630 nm. The reason for the lack of spectral 
variation may be because there was very little difference in the spectral quality 
between the three conditions. Consequently, it may be that a change in spectral 
composition of the light is required for significant adaptation in this species. In the 
natural environment, change in light quality would be associated with change in 
intensity (Kirk 1994). At the lower wavelengths between 400 - 500 nm the effect 
of increased photoprotective carotenoids is clear in the HL spectrum when 
compared to the LL and ML. This trend is very similar to that observed in 
Anabaena variabilis across the same wavelength range. 
Figure 4.3A shows the normalised mean absorption spectra for Scenedesmus 
acuminatus at the three light levels. Both this species and Chlorella vulgaris 
shown as Figure 4.3B show less variation in the absorbance between 600 - 650 
nm compared to the cyanobacteria Anabaena variabilis. However, a clear 
difference IS shown in Figure 4.3B for Chlorella vulgaris the absorbance 
dit1erence IS for this species is likely to be a result of the photoprotective 
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ca rotenoids extending into this region of the spectrum. Chlorophyl l b absorbs as a 
shouIde!" at 655 nm on the ex band of chlorophyll a. However, Ii tt Ie variation wa 
obse rved in the abso rbance of this shoulder, most probably due to the 
nOlllla lisation of the spectra. Any reduction in chlorophyll b at the Soret band 
under low light condition. masked by the absorbance of the photoprotective 
carotcnoids . 
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Figure 4.2 Nonnalised in-vivo absorbance spectra form A) Anabaena variabilis, 
8 ) Microcystis aeruginosa, grown under Low light (blue), Med ium light (green) 
and I ligh light (red). 
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Figu re 4.3 Normalised in-vivo absorbance spectra form A) Scenedesmus 
sccuminatus and Ii) Chiarella vulgans cultures grown under Low light (blue), 
Medium light (green) and High light (red). 
In all four species studied the chlorophyll a Soret band at 440 nm showed 
considerably greater absorbance under the high light conditions compared to the 
low and medium light leve ls. At 440 nm, the absorbance di fference between the 
low and medium light leve ls was small for all species compared to that of the high 
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light leve l, see Figures 4.2 and 4.3. The most significant increase to the ratio of 
the Soret (440 nm) to ex peaks (680 nm) of chlorophyll a was observed in 
MicrocySlis aerug inosa and ChlorelLa vulgaris where the ratio increased fro m 
1.41: I to 2 .97: 1 and 0.98: I to 2.32: I respecti vel y. This represents a doubling of 
the absorbance at 440 nm under the high light conditions compared to that of the 
low light. 
The change in pigment composition can be more clearly shown using ratios of 
absorbance at wavelengths that correspond to the key pigments, chlorophyll a, 
phycocyanin and carotenoids (see Section 4.2.2). Figure 4.4 shows the absorbance 
ratios calculated for Anabaena variabilis. The decrease in phycocyanin under high 
light is shown by the change in the ratio of the phycocyanin peak at 630 nm to the 
chlorophyll a peak. The ratio decreased from 0.99: I under the low light to 0.54: 1 
under the high light. The increased absorbance at 440 nm under high irradiances is 
clearly shown in Figure 4.4. This trend agrees closely with the work published by 
Johnsen and Sakshaug (1993) who sho wed in-vivo absorbance values at 440 nm 
between 1.4 to 2.3 times higher than at 676 nm for light adapted samples 
compared to shade adapted samples. The increase in absorbance at 440 nm 
observed by Jo hnsen and Sakshaug was attributed to the variation in pigment 
packaging . T he same hypothesis can be postulated here, that light adapted spectra 
show no or very little pigment packaging. Consequently, samples grown under the 
high light conditions required dilution to bring the absorbance at 440 nm within 
the dynamic range of the instrument, even though the absorbance at 680 was well 
within the linear range of the instrument detemlined in Chapter 3. 
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Figure 4.4 Pigment absorbance ratios for Anabaena variabilis calculated from the 
normalised in-vivo absorbance spectra. Phycocyanin 630 nm : chlorophyll a ex 
band 680 nm (blue), carotenoids 480 nm: chlorophyll a ex band 680 nm (red), 
chlorophyll a Soret band 440 11m: ch lorophyll a ex band 680 nm (green) and 
phycocyan in 630 nm : carotenoids 480 nm (purple). 
4.3.2 Nutrient Limitation 
The normalised in-vivo absorbance spectra of the four species studied showed 
consistent changes in the spectral shape where nutrients were limiting. Figure 
4.S A shows the normalised in-vivo absorbance spectra for Anabaena variabilis 
grown under the three nutrient conditions. Both the nitrogen and phosphorus 
limiting conditions res ulted in a grea ter absorbance across much of the spectlUm 
compared to the non-limiting conditions. The difference in absorbance between 
the two nutrient limited spectra and the non-limited spectra is clearly shown to 
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increase with decreasing wavelength, with the greatest difference observed 
between 400 - 450 nm. 
The ni trogen limiting culture for Anabaena variabilis (no nitrogen) showed 
continued growth under nitrogen limiting concentrations due to the fixati on of 
gaseolls nitrogen. T jnder these conditions, the spectrum remained of the same 
general shape as the non-limited culture, but showed greater absorbance in the 400 
- 650 nm region. The phosphorus limiting culture showed a more extreme 
variation of the same trend, with the slope of the spectrum being morc upright at 
lower wave lengths, as a result both the phycocyanin peak and carotenoid shoulder 
are less distinct. The general increase in the absorbance under the nitrogen and 
phosphorus limiting conditions cannot be directly linked to specific pigment 
variations, as the change is not restricted to area where speci fic pigments absorb, 
but covers most of the spectrum. 
Figure 4.58 shows the normalised mean in-vivo absorbance spectrum for 
Microcystis aeruginosa grown under the three nutJient conditions. As observed in 
the Anabaena variabilis spectra the absorbance is greater under nutrient limiting 
conditions. I rowever, un like in Figure 4.5A a higher absorbance under nutrient 
limiting conditions was only observed between 400 - 550 nm. The absorbance 
between 600 nm and the normalisation point at 680 nm was very similar for the 
phosphorus limiting and non-limiting culture. Moreover, the nitrogen limiting 
culture shows a much reduced absorbance due to phycocyanin, in effect removing 
one or the distinct spectral features of this class. The reduced phycocyanin 
absorbance under nitrogen limiting conditions observed in Microcystis aeruginosa 
agrees wi th the results of Lynch (1999) who studied the effects of nitrogen 
limitation on the same species. This trend could also explain the high phycocyanin 
absorbance for Anabaena variabilis under the nitrogen limiting conditions, as it 
would seem that because this species is able to fix atmospheric nitrogen the 
adaptat ion in reduction of phycocyanin is not observed. 
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Figure 4.5 Normalised in-vivo absorbance spectra from A) Anabaena variabilis, 
B) Microcystis aeruginosa , cultures under controlled nutrient conditions, Nitrogen 
limiting (blue), Phosphorus limiting (red) and neither N or P limiting (green). 
Figures 4.6A and 4.6B show the in-vivo absorbance spectrum for the two 
Chlorophyceae species, Scenedesmus accuminatus and Chlorella vulgariS 
respec ti vely, grown under the three nutrient conditions. Both species show the 
same general trends in the spectral variation with nutrient limitation. Spectra from 
cultures under nutrient stress show a greater absorbance ac ross much of the 
spectrum. The greatest di fference in absorbance between the nutrient limited 
samples and the non-l imi ting sample was observed at the lower wavelengths 
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around the Soret band of chlorophyll a . The absorbance difference decreases with 
increasing wavelength between 500 - 650 nm the ditference is only relat ively 
small. Very little difference is seen between the absorbance due to chlorophyll b 
at 655 nm for both species. 
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Figu re 4.6 Normalised in-vivo absorbance spectra from A) Seen edesm us 
aeeuminatus and 8) Chiarella vulgaris cultures under controlled nutrient 
conditions, Nitrogen limiting (blue), Phosphorus limiting (red) and neither N or P 
limiting (green). 
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The changes in absorbance observed with nutrient deficiency cover a wide range 
of the spectrum. The general trend observed in all species was the yellowing of 
the sample colour; this is due to chlorosis caused by the reduction of the green 
chlorophyll pigments relative to the carotenoids. Chlorosis is commonly observed 
in plants and leaves due to mineral deficiency such as magnesium or iron. This 
explains the much greater relative absorbance in the blue compared to the red end 
of the spectrum where the chlorophyll a peak is located. 
4.4 Summary 
The work presented in this chapter has confirmed the ability of the instrument to 
identi fy the adaptive feature of algal and cyanobacteria by analysis of the in-vivo 
absorbance spectra. The adaptive responses observed were consistent with those 
documented in the literature. Furthermore, the ability of the instrument to acquire 
real time data on the physiological status of samples provides a distinct advantage 
over previous research using methods requiring significant sample preparation. 
There is potential for the rapid assessment of the physiological status of the algal 
and cyanobacterial populations using only the in-vivo absorbance spectrum. It is 
evident from the result presented here that variability in the physiological 
responses of algae and cyanobacteria to light and nutrients cannot be ignored. 
Where the shape of the in-vivo absorbance spectrum is to be used to model or 
classify samples both irradiance and nutrient conditions must be considered. 
This study is based on the properties of laboratory grown cultures, which vary 
slightly from natural samples. This study does nonetheless represent a significant 
first step in determining the effects of these two important parameters on the in­
vivo absorption spectra of freshwater algae and cyanobacteria. This experiment 
demonstrates the possibility in, and the importance of the use of in-vivo 
absorbance spectra for classification of natural samples. The spectra generated in 
this experiment will be used in the development of a methodology for the 
classification of unknown samples where the nutrient status and light history is 
not known. 
!. 
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CHAPTERS 
DEVELOPME;\IT OF CLASSIFICATION METHODOLOGIES 
5.1 Intr'oduction 
In thi~ chapter the application of chemometric techniques for the classification of 
algae and cyanobacteria samples, based on in-vivo absorption spectra gained from 
the developed portable spectrophotometer, is described. Distinct differences 
bct\\'ccn the thn:e taxonomic classes and the individual species discussed in 
Chapter:; allmv an appropriately skilled person to correctly classify the spectra 
into taxonomic classes. Computational methods to determine the ditlerences 
between the iJH'ivo absorbance spectra are however, more reliable and provide 
the pott:ntial !()!' rapid automated classification. 
in the analysis or spectral data, the performance of the analysis is reliant on the 
quality of the imputed raw data. In the developed instmment, the ceo detector 
provides detailed ilH'ivo absorbance spectra with the benefIcial characteristics of 
vcry high resolution, low noise and complete spectral coverage of the region of 
interest. High quality data, as produced from the developed instrument, provides 
0PPol1unity for advancement and discovery using accepted analytical tools. 
Chemometries can generally be described as the application of mathematical and 
statistical methods to improve the chemical measurement processes and or extract 
more useful chemical information from chemical and physical measurement data 
(Dcfernez and Kemsley 1997). The latter is particularly relevant to the work in 
this thl'sis, vrhere l:omplcx multi-dimensional data sets containing many spectra, 
each of several hundred variables. are to be analysed. 
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Principal Component Analysis (PCA) is a bilinear modelling method, used for 
both data description and compression, where the spectral variance (underlying 
laknt structure) is described by means ofa small number of un correlated variables 
(Adams 19(5), The principal of PCA is to reduce the dimensionality of a complex 
multi-dimensional data set, which contains a large number of interrelated 
variables, while retaining as mllch as possible of the vaIiation present in the data 
set. This is achieved by transi(xming to a new set of variables, of fewer 
diml.:!1sitlns, the principal components, which are uncorrelated. This allows a clear 
,kw ofthl' variance in the multivariate data sct (Jollitte 1986). 
The i<.ka or PCA is to find the direction in space, along which the distance 
hdwcl:1l data points is the largest. This can be translated as finding the linear 
~'ornbinatinn of the initial variahles, i,e, two points that have very different co­
onJinates, and arc located tar away from each other in multidimensional space, 
These din.:ctions of comhinations arc temlcd Principal Components (PCs), PC's 
an: orthogonal to each other, and computed so that the first PC explains the most 
variance in the data sct; the next or second PC then explains the majority of the 
residual information not taken into account by the first PC, This process can 
\.'(lntinw.: until then: an.: the same number of pes as there are variables, However, 
lckally, the li.:wl:st number of PCs, which explain most of the variance, are used 
L10llitk 1·>X6}, Figure 5,1 shows a simpl i lied representation of the pIincipal of the 
P('/\ method, 
I 
:l!~ 
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A Originul spectral data f1 == Number of spectra 
S P( 'oX Scores p :-:. Number of data pointe:; 
F PCA loadings f"'" Number of principal components 
Fi gmc 5. I Diagrammatic representation of PCA. 
Tht.: n:prl'st.'lltation shuwn in Figure 5.1 can be also be shown as a simplified 
vcrsinn of the tIlll' modell'quation in matrix notation as: 
t S I: I 
v\'bCl1 tilt' data sct has hl'cn fully processed by the PCA algorithm, it is reduced to 
Iv"u m:lin matril'l'S, the scores and loadings, shown in Figure 5.1. The variation 
not taken into accOtml by these t\V() matrices (the model) is tenned the residuals, 
shown as F in th~ matrix notation. The residuals for a given sample and a given 
variable are !.:olnputed as the diflcrence between observed values and fitted (or 
prnj":l.:tr..'d, lli' pn':\.l!cted) values of the variable on the sample. The residual (EA) 
matn\ shm\s tilL' sam!.? dirncl1sinnality as the original data set (A). 
( 11"sllkallOfl metiwdo\ogics in chl.!mometrics aim to reliably assign new samples 
ill dassl';'. son Indt:pL'ndcnt Modelling of Class Analogy (SIMCA) is a 
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supervised classification methodology based on PCA (CAMO 1998). In SIMCA 
individual peA models are constructed for each class. The models describe the 
sample variance within each class. Each class model must be distinct from the 
other models to be useful in classification and may use a different number of 
principal components to explain the variance. Classification of new sample 
"unknowns" involves the calculation of new values for all variables, which are 
computed using the scores and loadings of each model and comparison with the 
actual values. The object-to-model distance is calculated using the combined 
residuals. The scores are also used to build up a measure of the sample's distance 
to model centre, called leverage. Finally both object-to-model distance and 
leverage are taken into account to decide to which class( es) the unknown samples 
belong. An important aspect of the SIMCA methodology is that there are three 
possible results: 
1) The sample is properly classified into one of the predefined classes. 

2) The sample does not fit any of the classes. 

3) The sample properly fits into more than one category. 

Confidence limits can then be placed on any of the outcomes, because these 
decisions are made on the basis of statistical tests (CAMO 1998). 
PCA is ideally suited for the analysis of in-vivo absorbance spectra, which by their 
very nature are a complex mixture of highly overlapping pigment absorption 
bands from the many pigments found in algae and cyanobacteria. The individual 
bands are hidden by the continuous nature of the spectrum. Consequently, changes 
in the pigment composition may only result in subtle changes to the spectrum. 
Therefore, the variables are co-linear i.e. the variables are not independent, but 
share a lot ofinfomlation, and may be termed semi-dependent. 
Several researchers have attempted to utilise multivariate methods to model and 
discriminate between algal samples. Most of the works have been conducted on 
marine species, particularly chlorophyll c containing species that commonly form 
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-phytoplankton blooms (Chapter 1). Of the few studies that have been conducted in 
this area, most showed reasonable success in the discrimination of algal classes 
using in-vivo absorbance spectra from various sources. What these studies have 
not proven is the ability to use in-vivo absorbance spectra from suspensions, 
which inherently have a high noise level, for the classification of freshwater algal 
species, particularly Cyanobacteria. This is especially true when the adaptive 
responses to light intensity and nutrient availability are considered together, as is 
commonly observed in the natural environment. 
T'he aIm of this chapter is to use PCA combined with SIMCA to produce a 
reliable and robust classification method for in-vivo absorbance spectra gained 
from the developed monitoring instrument. Some species commonly found in 
freshwaters representing three taxonomic classes, whose absorbance properties 
were investigated in chapter three, were studied as examples. A further aim of 
this study is to include the variation in spectra, due to adaptive responses resulting 
from light and nutrients changes (Chapter 4), into the classification to make a 
comprehensive model that covers conditions that are common in the natural 
freshwater environment. The etTect to the PCA models of the addition of noise to 
the absorbance spectra is discussed. The potential to reduce the number of 
variables from the complete spectrum of 821 down to eight is also presented in 
this chapter. 
5.2 Materials and Methods 
5.2.1 Absorbance .spectra 
'fhc in-vivo absorbance spectra used in this chapter are taken from the work 
presented in Chapters 3 and 4. The initial data analysis uses absorbance spectra 
from the eight species presented in Chapter 3. In addition, data from one further 
species 5)lJ1echnococcus sp. a cyanobacterium was used. This additional species 
was grown under the same conditions as the species presented in Chapter 3. For 
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each of the nine species, twelve absorbance spectra (each an average of fifty) were 
randomly selected for the PCA. 
To test the effects of light adaptation on the PCA, spectra were taken from the 
results presented in Chapter 4. Five spectra (each an average of fifty) were taken 
at each light level for each species, resulting in fifteen spectra for each of the four 
species. Similarly to test the etlect of nutrient stress, five spectra (each an average 
or Ii tty) \vcre taken ttlr each of the three conditions, non limiting i.e. optimal N : P 
ratio. I1ltrogen limiting and phosphorous limiting, for each of the four species. 
All spectra had previously oeen corrected tor scattering effects and normalised to 
1,0 ,I\l at ('HO nm. to remove the effect of chlorophyll a concentration. 
('onsequently, no fUl1her normalisation such as mean normalising was applied. 
The numher or variables was reduced by tnmcating the spectra. Wavelengths 
hdow 40() nm and above MW nm were discarded, as these contained little useful 
infunnatlon (sl:e Chapter 3). Alter truncation the spectrum contained 821 
va ri abh.:s, 
5,:;.:: Prindpal compollent w1Cl~rsis 
p( '/\ \vas pt:rformcd using Unscramhlcr Version 7.6 (CAMO ASA, Norway) 
l'hcmo!ndrics sonware, run under the Windows 95 operating system. PCA was 
carried out on thc complete absorbance spectra 400- 680 nm (821 variables). All 
\ ariahks Wl:rc gi'llcn an equal weighting of 1.0 as no wavelength variable was 
a,>sumcd to he of grt:ater importance. Full cross validation was used, fom1ing the 
most L'umprehcnsivl.! validation rnethod, where validation was performed using the 
same s~lmpks \vith only one sample being len out at a time. 
Pril'H.'ipai component loading plots were calculated tor the complete data sets. 
Iht'SC \vere used to describe the data structure in terms of variable correlations 
..md iLl":IHify the most important prim:ipaJ components. A limit of the first six 
componl.'nts was dclinc;d. Score plots were also constructed as both 
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combinations of pairs of principal components, and usmg three principal 
components in a three dimensional plot. The score plots were used to show the 
location of the samples along each PC and detelmine spatial relationships 
resulting in sample patterns and clustering. Bi-plots containing both loadings and 
scores were used to provide information about the relationships between loadings 
and scores, which were not clear on either plot individually. 
5.2.3 Classtfication 
Classification was performed using the SIMCA methodology in Unscrambler. 
Individual PCA models were created for each of the nine algal species using ten 
spectra (chosen at random from the total of twelve) to represent each species. 
These PCA class models were based on the optimum number of principal 
components selected from the validation methodology. The remaining two spectra 
for each species were used to test the classification. The origin of the test spectra 
were withheld from the program, so the samples could act as "unknowns". The 
signiilcance of the classification results was expressed using contidence limits. 
Test samples were also taken at random from the light and nutrient data to allow 
independent validation of the classification in the same way as for the nine 
species. Bar plots of the model-to-model distance were also used to show the 
distance between PCA classes; a distance of over three was used to identify 
distinctly ditlerent PCA classes. 
5.2.4 Addition ofnoise to spectra 
In order to investigate the influence of noise on the performance of the 
classification, certain levels of noise were added during the analysis. Proportional 
noise at 2 % of the signal level and additive noise at a standard deviation of 0.04, 
were both added to the spectrum of each sample using the add noise function in 
the software. Proportional noise is typically noise that affects the instrumental 
amplification and additive noise is typically noise that affects the measurement 
signal. These levels of noise were used to simulate the worst case where both 
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electrical noise and environmental noise from sample movement were high. The 
values used were taken as the suggested values in the software (CAMO 1998). 
5.2.5 Reduccd numher o(vV([velength variables 
peA and SIMCA c1assitication were also performed using only eight of the 821 
variahles. The eight variahles were chosen as wavelengths with most significant 
loadings in the first fOLlr principal components of the full spectral analysis. The 
eight variahlcs relate to wavelengths of 400,460,480,514,520,630,634 and 660 
nm. All eight variables were given an equal weighting of 1.0. The same full cross 
\ulidation \\as l!sl..:d as with thl' full spectmm. 
5.3 Results and discussions 
5.3.! lv'inc speciesti'(ml three afgal classes all variables 
!~Jj,L\lillll~ 
Figure 5.2 shov"s the principal component (PC) loadings for PCs 1- 4, computed 
It)!' the comph.:k data set of ninety spectra from nine species. The four lines on 
hgun: :'.:1 represent the li.llIr principal components. The loading plots describe the 
data sl.rtl\:Hln,~ in terms of variable correlations. Moreover,. each of the 821 
vuri~lhks has a loading on each pc, which reflects how much that variable 
contrihukJ to that principal component. The further from zero either positive or 
I1cgatJ\t' thi.: grt'aler th~ significant of that variable to the principal component. 
Consequently, Will..TC the spectra are nonnalised (680 nm) the loading is zero as 
thefe is no variance. 
The 'lpri.·tmm~e of the \om.iing plots for the four principal components in Figure 
5.2 shuws signitic~mt stfw:turc, with areas of large deviation to both highly 
posit j ';t~ hh.!hlv nel.!:ltivc Inadin12s. The wavelength variables that show high
...... ..... ' ­
loadings (\.·ithcl' pn'>itive or nl'g~ltivc) Hnd therefore contribute most to the principal 
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Table 5.1 Summary of the first four principal components and the explained 
variance explain and the likely corresponding pigments. 
-

-----"-~-------~----Principal Variance Maximum Pigments e~plain~d"by~"-~·.~. 

Component e%) loading 
 Principal Component 

(nm) (band name in brackets) 

~ ---- - ---~---- --------­85 No pigments specifIcally 

identified 

2 10 630 Phycocyanin 

480 Chlorophyll b (Soret band) 

4 400 Chlorophyll a (Soret band) 

';'1660 Chlorophyll b (a band) 
630 Chlorophyll c (a bands) 
518 Fucoxanthin and Diadinoxanthin 

4 666 Chlorophyll b (a band) 

482 Lutein 

The first principal component, PC 1. shown in Figure 5.2 accounts for the most 
variance in the data set, explaining 85 % of the total variance. The loading plot for 
this principal component shows a general trend. with the positive loading 
in<:reasing to\.vards the shorter wavelengths. The stmcture of this loading plot 
cuntains no major featun.:s, only some small peaks at 462. 525 and 636 nrn. 
Therdtm.\ this principal component may be described as being non-specific, as it 
cannot be linked to particular pigment features observed in the raw absorbance 
sp.....ctra. Consequently, this principal component fOlms an overall measurement of 
the spectral shar~. 
'fhl: loading plot for the second principal component shown in Figure 5.2 explains 
I 0 t~() or t he total variance. Unlike the tirst principal component, the structure 
~om:sponds to spc(;ifk absorption f~atures. The high positive loading at 630 nm 
I.'nrn:sponds to absurbancl' at 6JO nm in the ill-vivo absorbance spectrum (Chapter 
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3), due to the phycocyanin pigment in cyanobacteria. The negative loading at 480 
nm most probably corresponds to the Soret band of chlorophyll b, which is a 
major absorber within this region of the spectrum. A high negative correlation can 
be assumed between the loadings of PC 1 and PC 2 and their related pigments 
since the loadings are of different signs. Consequently, where phycocyanin 
absorbance is observed absorbance due to chlorophyll b should not be observed. 
Such hypothesis is logical as these two pigments are characteristic to the 
Cyanobacteria and Chlorophyceae classes respectively and are never found 
together in the same species (Rowan 1989). These features suggest the second 
principal component can be successfully used in discriminating between 
Cyanobacteria with phycocyanin and Chlorophyceae with chlorophyll b. 
The third principal component loading (Figure 5.2) accounts for only 4 % of the 
total explained variance, yet as in the second principal component the loading plot 
shows significant structure. High positive loadings at 400 nm and 660 nm 
correspond with the in-vivo absorbance peaks of chlorophyll's a and b 
respectively. This therefore suggests that the normalisation procedure did not 
completely remove the variance by chlorophyll a. A negative loading with a 
maximum at 518 nm corresponds with absorbance due to the carotenoids, possibly 
fucoxanthin and diadinoxanthin (see Chapter 3). A negative loading at 630 nm 
corresponds with the in-vivo absorbance of both phycocyanin and chlorophyll c. 
This loading can be identitied as due to chlorophyll c because the larger variance 
due to phycocyanin was accounted for by the second principal component. 
Chlorophyll c is present in only one of the nine species forming the data set. 
Therefore this principal component could have a potential use in distinguishing 
the Bacillariophyceae Asterionellaformosa from the other species. 
The fourth principal component (Figure 5.2) accounts for less than 1 % of the total 
variance. Considering the total explained variance for the first three principal 
components is 98.8 o;() it can be con tinned there is less useful information 
included in this principal component compared to PC 1,2 and 3. In PC 4 the two 
high positive loadings at 482 and 666 nm correspond with in-vivo absorbance 
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attributable to a carotenoid in the 480 nm region and the a band of chlorophyll b 
in the red end of the spectrum respectively. These two variables and the 
corresponding pigments are highly correlated, as both are positive. This suggests 
that when the absorbance due to chlorophyll b increases so too will the absorbance 
due to the specific carotenoids considered by this principal component. 
Consequently, although this principal component accounts for a very small 
amount of the total variance, it contains some detailed information that has the 
potential to aid separation and classification of absorbance spectra. The fourth 
principal component also contains a noticeable noise constituent, evident where 
the loading is near zero. This suggests that some of the unwanted noise from the 
data set is included in this principal component, and any lower principal 
component is likely to be dominated by noise. 
PCA Scores 
A score plot is a projection of the original data onto the new principal 
components, which allows the most revealing perspective for visualisation of 
spatial relationships, between samples, therefore allowing the easier detection of 
sample patterns, groupings or outliers. Combinations of either two principal 
components, in two dimensions, or three principal components in three 
dimensions may be used to interpret and explain the spatial relationships. The plot 
of the scores for principal component one versus scores for principal component 
two is shown in Figure 5.3; together, PC's 1 and 2 explain 95 % of the total 
variance of the data set. This combination produced the best clustering of the nine 
algal species, when using only two principal components. Moreover, in this plot 
all nine species formed distinct clusters with no overlap between species, whereas 
all the other combinations of two principal components failed to separate all the 
species and showed considerable merging of clusters of distinctly different 
species. 
-
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;::s 
therefore located with a negative score for the second PC within the lower two 
quadrants of the score plot. 
Although the first PC may be described as non-specific because it lacks any 
features that can be linked to specific pigments, this component nevertheless has a 
major effect in the separation of the clusters in Figure 5.3. The importance of low 
wavelengths to this PC consequently means that those species with high 
absorbance in the blue end of the spectrum have a high score for this principal 
component, and as a result are located to the right of the score plot. The effect the 
tirst PC has on the location of the clusters in Figure 5.3 is best demonstrated by 
the Aphanizomenon and Asterionella clusters. An absorbance of over two in the 
blue region of the spectrum for both these species results in a high score from PC 
1 and accordingly the clusters for these species are located to the right of the score 
plot. The effect of this PC is less dramatic on the other species, which show a 
relatively similar absorbance in the blue region of the spectrum. However, several 
of the clusters which show very similar PC 2 scores, (Spirogyra, Scenedesmus and 
Staurastrum), would not be separated into the distinct clusters observed in Figure 
5.3 without the influence of the first principal component. 
A score plot of PC 2 versus PC 3 produced a clear separation of the four 
Cyanobacterial species from all the other species. However, separation was not as 
clear as observed in Figure 5.3 using the first principal component. The 
8acillariophyceae Asterionella failed to be separated from the Chlorophyceae 
Chlorella in this plot. This suggests that the first principal component is crucial 
and cannot be substituted for a principal component, which accounts for only a 
very small amount ofthe total sample variance. When plincipal component one is 
plotted versus either principal component three or four the small amount of 
variance represented by these lower principal components fails to successfully 
separate the algal classes into the clear clusters observed in Figure 5.3. 
Figures 5.4 A and B show three dimensional score plots using PC's 1, 2 and 3. 
The third principal component accounts for 4 % ofthe total variance consequently 
144 

99 % of the total sample variance is explained by the three components. The third 
principal component, as previously explained, contains features that relate to 
chlorophylls a, band c as well as some carotenoids. Consequently, the use of this 
principal component improves the separation of the clusters. Moreover, the 
location of the samples and clusters in three dimensional space, give a better 
representation of the model distances used in the SIMCA classification. 
The spatial relationship of the data in Figures 5.4 A and B follows the previously 
explained locations using principal components one and two. The third principal 
component separates the samples by the features of that principal component. 
Low scores are observed for species containing chlorophyll c and the carotenoids 
which show a positive correlation with chlorophyll c i.e. fucoxanthin. This trend 
is demonstrated by Asterionella, which is the only species containing chlorophyll 
c and fucoxanthin. High PC 3 scores result from both high absorbance at 400 nm 
and 660 nm (chlorophyll b), but because the loading at 440 nm is much greater 
than at 660 nm, this loading has a greater influence. Consequently, species with 
comparatively high absorbance at 400 nm (Anabaena and Aphanizomenon) are 
located with positive PC 3 scores on the Z axis and species with comparatively 
low absorbance at 440 nm (Microcystis and Staurastrum) are located with 
negative PC 3 score on the Z axis. 
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Figure 5.4 A and B Three dimensional score plots using pes 1,2 and 3, showi ng 
the spatial relationships between the nlne species. A and B show the same data at 
different orientations to aid visual analysis. 
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Classification of unknown samples 
For each r the nine class mode ls, the optima l number of pri ncipal components 
was computed . The first three pri nci pal omponents were used in the m dels of 
. the Anabaena, Aphanizomenon, Chlorella, Micro(vs tis, Sceneuesmus and 
Spirogyra classes . Both the Asterionella and vnechococcus models used four 
principal comp nents . The Staurastrum model required only the first two 
principal components to adequately describe this cIa ' s. The classification wa 
therefore multidimensional using three princ ipal c mponent in most models, 8, 
shown in Figures 5.4 A and B. Figure 5.5 show, the di stance between the 
Scenedesmus model and the other eight mode l . It is clear from the height of th 
bars that all the models are very different, as a model distance o f three or mar 
implies two models are quite different. 
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Figure 5,5 Model-to-model distances between the nine species models relal iv to 
the Scenedesmus model, using the optimum number of pes, Bar colour represent · 
the taxonomic class: Cyanobacteria (blue), Chlorop hyccae (green) and 
Bacillariophyceae (red), Model-to-model distance is comput d from the results of 
fitting all samples from each class to their own model and to the other models , 
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The models distance or leverage is clearly related to the taxonomic class. The 
three models located closest (with the lowest model distance) to the Scenedesmus 
model are from the Chlorophyceae class. The models of all four Cyanobacteria 
showed a model distance of between 200 - 300 from the Scenedesmus model. This 
indicates these models are very different from both the Scenedesmus model and 
the other three Chlorophyceae models. The Asterionella model shows the greatest 
distance (>300) from the Scenedesmus model, again indicating this model is very 
different from the Chlorophyceae models. There is less distance between the 
Asterionella model and four Cyanobacteria models but the difference is still 
significant. 
The use of the nme PCA models for classi fication yielded a 100% correct 
classification at a confidence limit of 0.1 %. All the unknown samples from the 
test set were correctly assigned to the corresponding PCA class (algal species). No 
samples were either jointly classified to one or more classes or completely miss 
classified to an incorrect class. 
5.3.2 The addition ofnoise 
The addition of proportion noise at 2 % and additive noise at SD of+/_0.04 can be 
seen on the absorption spectra for Anabaena variabilis and Scenedesmus 
acuminatus in Figure 5.6. The addition of the noise component to the spectra has 
little effect on the structure of the loadings for the first three principal 
components. These still accounted for 99 % of the total sample variance. It is 
however particularly noteworthy that the fOUlih principal component (not shown) 
showed considerable change, suggesting this principal component is heavily 
influenced by noise. Therefore, although there are some features that can be 
linked to pigments located in this principal component, they are likely to be of 
limited use because of the effect of noise. This does however demonstrate the 
power of PCA to remove the unwanted noise and allow the analysis to be 
performed on the signitlcant noise free data only. 
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wavelengths, the target principal components from the full spectra peA and the 
corresponding pigments. 
Table 5.2 The eight selected wavelength variables and their corresponding 

principal components and pigments. 

Variable 	 Wavelength Corresponding Corresponding pigments 

{nm) PCs 

400 ,j ,., 	 Chlorophyll a 
2 	 460 1 Non-specific 
3 	 480 2 Chlorophyll b 
4 	 514 3 Carotenoids 
5 	 520 4 Carotenoids 
6 630 	 2 Phycocyanin 

3 Chlorophyll c 

7 	 635 Non-specific 
...,8 	 660 Chlorophyll b
-' 
4 	 ChloroE~yll b 
~~~'="""""""\"L, 
The first four principal components computed using only the eight variables again 
accounted for 99 % of the total variance of the data set. This sugg~sts that the 
eight chosen variables explain the variance of the data as well or very nearly as 
well as the complete absorbance spectrum of 821 variables. Moreover, this also 
suggests that of the 812 variables a large number explain the same features, due to 
the broad absorbance bands observed in the in-vivo spectrum. Therefore, inclusion 
of all 821 variables unnecessarily complicated the PCA models. 
Figure 5.7 shows the bi-plot for principal components one versus two for the nine 
species using only the eight wavelength variables. A bi-plot enables the 
interpretation of sample properties and variable relationships simultaneously by 
plotting the scores and loadings on the same plot. In Figure 5.7 not all the eight 
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chlorophyll b. On the first principal component, the variables all show positive 
loadings, hence samples with below average absorbance for those variables are 
located with negative scores and samples with above average absorbance are 
located with positive scores. Consequently, the variables in the blue region of the 
spectrum (400, 460 and 480 nm) are relatively important to the separation of the 
clusters along the PC 1 axis. 
The ability to correctly classify the unknown samples was not influenced by the 
reduced number of variables. At a confidence limit of 0.1 % the classification was 
100 % successful in correctly classifying all the "unknown" samples from the test 
set to the correct PCA class (species). The model-to-model distances compared 
very favourably with the distances achieved using the selected wavelength range 
(400 - 680 nm). 
5.3.4 Influence C?fadaptation effects resultingfrom light intensity 
PCA loadings 
Loading plots were computed for the data set comprising of spectra from four 
species grown under three light intensities; high light (HL), medium light (ML) 
and low light (LL). Based on previous discussions only the first four principal 
components were computed. The first principal component loading plot showed a 
very similar structure to that from the original data set of nine species under one 
light intensity. This principal component however now accounts for slightly less 
of the total sample variance; 83 % compared to 85 % in the original data set. This 
indicates that the changes to the absorbance spectra, resulting from the adaptive 
responses to light intensity, must be accounted for more by the later principal 
components than the first principal component. 
The second principal component accounts for 12 % of the variance compared to 
the original 10 %. The loading plot shows a very similar shape, suggesting that 
this pIincipal component considers the same spectral variance (pigments) as the 
original data, but is now more important in terms of explaining the total variance. 
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The increased variance of this principal component can be linked to the two 
pigments responsible for the loadings (Phycocyanin and chlorophyll b). Both 
these pigments are influenced by light intensity. 
The third principal component accounts for 3 % compared to the original 4 %. 
The loading plot is again very similar in shape to the principal component for the 
nine species. The fourth principal component accounts for less than 1 % in the 
light adapted data compared with 1 % in the original data set. This principal 
component also shows slight changes in the loading plot, as the negative loading 
at 524 nm, due to carotenoids, is not present in the light adapted data and the 
loading is generally noisier. 
The variance explained by the four principal components indicates a movement of 
importance away from the first principal component onto the second and third 
principal components. This suggests that it may be possible to maintain the 
excellent clustering obtained with the nine species from a single light intensity in 
this data set. 
PCA scores 
The first versus second principal component, which showed the best separation of 
the original data set, did not fully separate the four algal species under the three 
light conditions. Consequently, the third principal component would need to be 
included to determine the best spatial relationships. Figure 5.8 shows the spatial 
relationship of samples to each other, plotted in three dimensional space, using 
pes 1, 2 and 3. The use of three components allows the inclusion of the third 
principal component, which improves the separation and clustering. However, the 
interpretation of three dimension data becomes more complex. The same trends 
observed in the original data set, in two dimensions, can be applied to this data. 
Principal component two is again fundamental in the separation of chlorophyll b 
containing species (Chlorophyceae) with low PC 2 scores, from phycocyanin 
containing species (Cyanobacteria) with high PC 2 scores. Such a simple 
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The first principal component also shows a clear trend with samples from the HL 
environment, located with higher scores, due to the carotenoid absorbance 
increasing the absorbance in the blue. This is not as clearly shown on Figure 5.8, 
due to the orientation of the plot. PC 3 can be seen to have an influence on the 
location of the samples, particularly the HL Anabaena samples, which are located 
with low PC 3 score, compared to the LL and ML samples. 
Classi tication of unknown samples 
Classification was fIrst based on models for each species using the optimum 
number of principal components. Models were also computed for each light status 
for each species in an attempt to classify the light condition. Classification to the 
species and different light level was possible for all except the HL Anabaena at a 
confidence limit of 0.1 %. The HL Anabaena model was miss classified as 
Microcystis, due to the low distance to the Microcystis model. This can be seen in 
Figure 5.8. 
5.3.5 Injluence ofadaptation effects resulting/rom different nutrient conditions 
PCA loadings 
The loading plots for the first four principal components were very similar to 
those of the original and light adapted data sets. Little change was observed in the 
stmcture for the loading plots. Only PC 4 showed some deviation from the 
previously observed plots. The first four principal components accounted for very 
similar amounts ofthe total variance as the light adapted data set. PCs 1, 2, 3 and 
4 accounted for 83 %, 12 %, 4 % and 1 % of the explained variance respectively. 
The similarity of the loading plots to the original data set may be a consequence of 
the lack of relative pigment variation observed with nutrient limitation, therefore 
having little influence on the sample variance. 
PCA scores 
A score plot of the PC 1 versus PC 2 is shown as Figure 5.9. This plot of only the 
tirst two principal components clearly demonstrates the movement of the samples 
in the score plot with different nutrient levels. The clusters spread from their non 
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limited locations (N + P), which are very similar to the original data set, to the 
right of the plot (+ PC 1 score) and in varying degrees down the plot (- PC 2 
score). The most significant shift in location was observed in the nitrogen limited 
Microcystis samples « N), which on this two dimensional plot is located away 
from the other Microcystis samples. Consequently the < N samples for 
Microcystis do not fonn a cluster with all the other Microcystis samples, like the 
other three species. This is likely to be due to the inability of Microcystis to fix 
nitrogen. Therefore, unlike Anabaena, Microcystis is highly influenced by the 
available nitrogen. This suggested that classification would not be possible using 
only PCs 1 and 2 and that three PCs were required. 
Figure 5.10 shows the spatial relationship between the samples in three 
dimensions, using PCs 1,2, and 3. This figure shows how the classification of the 
Microcystis class might be maintained when using three principal components, 
even though the <N samples are located with negative PC 2 scores due to low 
phycocyanin absorbance (see Chapter four). Both Scenedesmus and Chiorella are 
clearly located in clusters on the plot with little spatial movement resulting from 
nutrient limitation. 
Classification of unknown samples 
Classitication was based on a single model for each of the four species using the 
optimum number of principal components. Classification of unknown samples 
from the test set was impaired by the spectral variation from nutrient limitation. 
Consequently correct classification of all unknown samples was only obtained at a 
confidence limit of 5 % compared to 0.1 % in the non limited data set. 
• 
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and nutrients can make the in-vivo absorbance spectra, for different species, look 
very similar. Factors not studied in this thesis such as DOM and light quality are 
also likely to have similar influence to the absorbance spectrum and therefore 
affect the classification ability. It is however particularly noteworthy that no joint 
classification was observed between the three taxonomic classes, suggesting that 
even when including the extreme adaptation, classitlcation to a taxonomic class is 
possible. 
5.4 Summary 
The developed instrument and specifically the quality of the full spectral data 
from the CCD detector is fundamental in the contribution of the data analysis 
techniques in this chapter. The high resolution spectrum provides significant 
advantages over traditional instruments, based only on a limited number of 
wavelengths, in both spectral interpretation and classification. A further unique 
achievement, which relies on the novelty of the instrument, is the ability to 
perform classification at site in near real time. The achievements made in optical 
based classitlcation of algae and cyanobacteria presented in this chapter are 
wholly reliant on the performance of the developed instrument. 
Principal component analysis has been shown to be an excellent technique for the 
analysis of in-vivo absorbance spectra. The reason for the success of the PCA 
technique can be put down to the nature of the in-vivo absorbance spectra which 
theoretically is made up of many components from the many pigments found in 
algae and cyanobacteria, which when combined result in a continuous spectrum. 
The power of the PCA technique was demonstrated by the first four principal 
components explaining over 99 % of the variance for the data set. These 
components could be clearly linked to specific pigments or pigment groups due to 
their wavelength maxima. A further advantage of the PCA technique was 
demonstrated by the fourth principal component, which was found to be heavily 
intluenced by the addition of noise to the spectra. Consequently, by leaving this 
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principal component out of the analysis, spectral noise could effectively be 
removed. 
Score plots either in two dimensions (first and second principal components) or in 
three dimensions (first, second and third principal components) showed clear 
clustering or the individual species. The clustering can be attributed to the clear 
connection hct\veen taxonomically important pigments and the loadings for the 
til's! three principal componl:nts. All unknown samples from the test set were 
StlI'Cl.'Ssflll!y c!assitkd to the correct PCA class. Moreover, these results suggest 
that variahility hctwcen the three taxonomic classes (Cyanobacteria, 
('hlorophyceae and Bacillariophyceae) is greater than variability between 
111cmhers of the same class. 
rhl' su\.'cessful us\.' of only eight wavelength variables for the classification of the 
unknown sumph.:s at the saml: rate as observed with the complete spectrum, 
pro\cd the classitication can be maintained using only a small number of 
impnrt..ml variahles. 'Ihis leads to the potential to make the PCA and SIMCA 
BhHJds simpler, which would be a distinct advantage for real-time classification. 
The incorpnmlion of adaptive responses from light and nutIients represented the 
gre.th:st chalkngc. as it was clear from the raw in-vivo absorbance spectra that 
LII1t.k'r ct.:rt ..lin l'olH.iitions there is little difference between the spectra of different 
spl..:l:k::-.. The work presented here shows that, by careful use of three principal 
l'llmponents. dassi tical ion was possible to genus level for nearly all the samples, 
l'VCn under l"xtrcmc- conditions. turthcnTIore, tor some species, the light and 
nutrient status could also be estimated from the in-vivo absorbance, providing the 
possibility of indirectly monitoring these parameters, using the physiological 
;Kluptatinns of the algae :md lor cyanobacteria present. 
'j hi.' :uwlysis pn!sl'nted in this ci1aptcr is based on nine common algae and 
<.:yaIlobat.'tCrl'l sP<"\.'ics grown under laboratory conditions. Such a study torms the 
l.'s~~!1thll fir;..! step in th<: appli<..:ation of established techniques (PCA and SIMCA) 
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into a new environmental monitoring application. The inclusion of further species, 
from both within the three taxonomic c1asses already studied and from new 
classes, would make the analysis more comprehensive but at the same time more 
complex. This should therefore form the next stage in the development of the 
classi fication methodology. 
The considerable potential of the combination of the developed instrument, 
providing high resolution in-vivo absorbance spectra, with classification 
techniques based on PCA and SIMCA, as an alternative classification method for 
identify potentially toxic cyanobacteria in real time, has been proven. The next 
chapter describes the application of the developed classification methodology to 
natural samples. 
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CHAPTER 6 
IN-SITU FIELD EXPERIMENTS AND LABORATORY SIMULATIONS 
6.1 Introduction 
Real-time measurement of algal populations for bloom prediction has long been 
an aim of aquatic scientists and water quality managers. At-site measurements of 
parameters such as nutrients, temperature and dissolved oxygen can now be made 
in real-time (Hart et al. 1993). However, the complexity, and lack of suitable 
technology, has meant that real-time measurement of algal levels has only been 
possible using fluorescence based instruments (Pinto et ai. 2001). In-vivo 
absorbance when combined with the recent advances in optical sensing 
technology and powerful multivariate data analysis techniques, to utilises the full 
spectrum, provides a technique ideally suited to the at-site determination of algal 
levels and class composition in near real-time, providing a solution to this 
problem. 
This chapter describes the performance of the developed instrument and data 
analysis techniques on the analysis of algal and cyanobacteria samples. Two 
approaches were used to assess the performance of the instrument: 
In-situ field trials 
Field based monitoring was conducted at a number of freshwater locations. The 
instrument was taken into the field to measure algal spectra at-site for rapid 
assessment of the algal population. 
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Laboratory simulations 
The effect of different nutrient levels on algal cultures were carried out under 
controlled physical conditions of temperature, light intensity and different nutrient 
levels on the selected species. 
These two approaches allowed the instruments performance to be assessed under 
many different conditions, even if algal blooms did not occur at the chosen field 
sites at the time of monitoring. 
The aim of this chapter was to assess the performance of the instrument and the 
classi fication methodology on natural and simulated samples. The suitability of 
the technique and further development work will also be assessed. 
6.2 Materials and methods 
6.2.1 In-situ field trials 
Field experiments were conducted at six sites, chosen to represent different 
freshwater environments, covering a range of sizes and uses (Table 6.1). Figures 
6.1, 6.2, 6.3, 6.4 and 6.5 show photographs of the chosen field sites. No attempt 
was made to conduct temporal monitoring at any chosen site, as the laboratory 
simulations would provide time based data. Consequently, the instrument was 
used in the field to acquire in-vivo absorbance spectra in real time. The spectra 
were then classified to detennine the algae and cyanobacteria present at-site. 
Several visits were made to the chosen sites between June and September 2001. 
Previous history of algal blooms in the monitoring sites comes from several 
sources. The Verulamium Lakes in St Albans have an information board, which 
contains details of previous problems with blue-green algae and the associated 
risks to visitors. Both Wardown Park Lake and the River Lea in recent years have 
shown signs of algal blooms during the summer months. Rutland and Grafham 
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waters were both effected by toxic blue-green algal blooms in 1989 and 
subsequent years (NRA 1990; 1996; Codd 1991; 1992). 
Table 6.1 Details of monitoring sites used for in situ field experiment. 
Name 	 Location Nature of the Previous history of 
site algal blooms 
Verulamium 8t Albans, Recreational Yes Cyanobacteria 
Lake's Hertfordshire park lake 
Wardown Park 	 Luton, Recreational Yes Mostly 
Lake 	 Bedfordshire park lake Chlorophyceae 
The River Lea 	 Luton River Yes Mostly 
Bedfordshire Chlorophyceae 
Rutland Water 	 Rutland Water storage Yes Toxic 
Leicestershire reservoir Cyanobacteria 
Grafuam Water Cambridgeshire 	 Water storage Yes Toxic 
reservOlr Cyanobacteria 
• 
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6.2.2 Laboratory simulation 
A natural sample from the Verulamium Lake field site, which contained a mixture 
of common freshwater algae, was used as the base of the laboratory simulation. 
Different levels of nutrients (nitrogen and phosphorus) were added to the base 
sample in order to stimulate algal growth. Cyanobacteria were inoculated into the 
natural sample to promote a cyanobacterial bloom. 
Jixperinlcnt<tl dcsign 
The simulation experiment was designed under four different nutrient conditions 
Crabk 6.2). Simulation A fOimed the control with no nutrients or cyanobacteria 
were added. Simulation B had nutrients (nitrogen and phosphorus) added to give a 
non-limiting atomic ratio of nitrogen to phosphorus of 16: 1. The culture was also 
inoculated with the cyanobacterium Microcystis aeruginosa. Simulation Chad 
nutrients added, as in B but no cyanobacteria was added. Simulation D had 
nutrients (nitrogen and phosphorus) added at an atomic nitrogen to phosphorus 
ratio of 5: 1 (nitrogen-limiting) and the culture was also inoculated with the 
Cyanobacterium Anabaena variabilis. The four experimental conditions allowed 
di ffcrent species to dominate the composition and provide a range of conditions to 
assess the instrument. All nutrients and cyanobacteria were added after the 
analysis of the simulations on day O. Day I was therefore the first sampling day 
on which the additions were measured. 
Sources of nitrogen and phosphorus 
Nitrogen and phosphorus were provided from the concentrated stock solutions 
used to make the Jaworski medium (Belcher and Swale 1998). The nitrogen stock 
contained Ca(NO.\h and NaNO} and the phosphorus stock K2HP04 and Na2HP04. 
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Table 6.2 Details of the experimental design of the laboratory simulations. 
-""'''­Simulation Nutrient status Cyanobacteria added to 
Concentration added give concentration of 
A (control) No added nutrients None 
B 	 Non-limiting Microcystis aeruginosa 
8000 J.lg r1 N 90llg rl chlorophyll a 
500 Ilg rl p 
C 	 Non-limiting None 
8000 Ilg r1 N 
500 Ilg r1 p 
D 	 N limiting Anabaena variabilis 
2500 Jlg r1 N 90 Jlg rl chlorophyll a 
500 J.lg rl p 
Samples / organisms 
Five litre natural samples were taken from the Verulamium Lake field site during 
the morning from the top 40 cm of the water. The sample was stored in a 5 L 
plastic container an? transported to the laboratory immediately. The chlorophyll a 
concentration was measured as 81 Ilg r1 at-site. Microscope evaluation showed 
the lake sample to contain a mixture of species from the Chlorophyceae and 
Bacillariophyceae classes. No cyanobacteria were observed in the sample. 
Culture conditions 
All simulations were run in 1 L volumes in beakers with clear acetate lids to 
reduce evaporation. Illumination to 20 IlEinstiens m-2 S-1 was provided by two 
18W Gro-Iux tube lights (Sylvania, Germany) placed directly above the beakers 
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standard operating procedure (Appendix C) was followed for the use of the 
instrument. All samples were analysed at between 20 - 25°C using deionised 
water as a blank. A 40 mm path length probe tip was used in the acquisition of all 
spectra, with an exposure time of 0.13 seconds. Fifty averages were acquired for 
each spectrum. A moving average filter with a window of 21 values was used to 
smooth each spectrum. 
6.2.3 Chemical ana~vsis 
Nitrogen and phosphorus were determined in their soluble forms. Therefore 
simulation samples were filtered to remove all cells (cellular nitrogen and 
phosphorus) prior to chemical analysis. In total 12 ml of sample was filtered 
through a washed glass fibre tilter paper (Whatmans OF/C, UK) in to a clean flask 
to allow enough filtered sample tor both nitrogen and phosphorus assays. 
Nitrogen 
Nitrogen was determined by the standard wet chemical method for determination 
of Total Oxidised Nitrogen (TON) (Standing Committee of Analyst 1981). Full 
details of the method are given in Appendix E. 
A filtered sample of 250 III was added to a clean test tube and diluted with 2000 
)1\ of deioised water. Then 700 ).11 of 0.2 M sodium hydroxide solution was added 
followed by 1500 III of hydrazine copper reagent. After each addition the sample 
and reagents were mixed. The test tube was then placed in a water bath for 15 
minutes at 40°C. After 15 minutes 200 ).11 of sulphanilamide reagent was added 
and well mixed with the tube contents. The test tube was then left on the bench for 
20 minutes to allow the colour to develop. After 20 minutes, the absorbance was 
measured at 520 nm in a 1 em quartz cuvette with a reagent blank as a reference 
using a Hewlett Packard 8452A diode array spectrophotometer. All standards and 
samples were run in duplicate and the mean used. Standards of 1.0, 5.0, 10.0, 
20.0, 30.0, and 40.0 mg 1'1 were used to produce a calibration to determine the 
172 

-
'W 
concentration of the unknown samples. All the standards and simulation samples 
were run in duplicate and the mean value calculated. 
Phosphorus 
Soluble Reactive Phosphorus (SRP) was determined using the ascorbic acid 
method 4500-P (Clesceri et al. 1998). Full details of the method are given in 
Appendix F. 
The filtered sample at 10 ml was added to a clean test tube followed by 800 III of 
5 N sulphuric acid, 240 III of ammonium molybdate solution and 480 III of 
ascorbic acid solution. The contents were then well mixed. The test tube was then 
placed in a water bath at 40°C for 30 minutes. After 30 minutes, the absorbance at 
880 nm was measured in a 2 cm quartz cuvette with a reagent blank as a reference 
using a Unicam VisiblelNIR spectrometer. 
Standard calibration series at concentrations of 100.0, 200.0, 400.0, 600.0, 800.0 
and 1000.0 Ilg rl were prepared from a stock solution (1000 Ilg rl). All the 
standards and samples were run in duplicate and the mean value calculated. The 
simulation samples were not run in duplicate due to the limited volume of the 
cultures and the 10 ml sample requirement for each analysis. 
6.3 Results and discussion 
6.3. J Nitrogen and phosphorus calibrations 
Figure 6.7 shows the calibration graph for TON in the 1 - 40 mg rl range. A linear 
relationship (? == 0.9957) was achieved between the TON (1.0 - 40.0 mg rl) 
concentration and the absorbance at 520 nm. Precision was calculated from five 
replicates of each standard and expressed as the ± SD. The regression parameters 
shown in Figure 6.7 were used to determine the total oxidised nitrogen in the 
simulations. 
r 
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Figure 6.8 shows the calibration for SRP in the 100 - 1000 Ilg rl range. A linear 
relationship was achieved between SRP (100 - 1000 Ilg r1) concentration and the 
absorbance at 880 nm (r2 = 0.9997). Soluble reactive phosphorus was determined 
in the simulations using this calibration graph. 
6.3.2 In-situjield experiments 
Rutland water and Grafuam water 
Site visits to both Rutland Water and Grafuam Water showed algal levels were 
very low as a consequence of the comparatively low summer temperatures 
resulting in reduced algal growth and the control measures implemented by 
Anglian Water following the presence oftoxic cyanobacteria in 1989. Levels were 
found to be below the limit of detection of the developed instrument in both 
waters. Therefore, no data is presented for these sites. 
Verulamium Lake 
Figure 6.9 shows three in-vivo absorbance spectra recorded from the main 
Verulamium Lake on 26/6/01, 12/7101 and 1/8/01. These spectra are typical 
examples of the data gained using the instrument at this location. The spectra 
clearly show the a. band of chlorophyll a at 680 nm, which is normalised to 1 AU 
for comparison. Note there is a slight variation in the peak wavelength between 
the three spectra. This can be attributed to minor differences in the algal 
physiology and not an error in the spectrophotometer. Subtle differences in the 
shape of the spectra indicate a slight difference in the species present on the 
2616/0 I compared to the two later dates. This is probably a direct result of the 
warming of the water temperature over the summer. A shoulder on the red spectra 
(2616/0 I) at 660 nm due to chlorophyll b indicates the presence of species from 
the Chlorophyceae class. The other two spectra do not show this spectral feature. 
Moreover, they both show an absorbance peak at 630 nm due to chlorophyll c, 
indicating the presence of species from the Bacillariophyceae class. The 630 nm 
chlorophyll c peak is less prominent in the spectra recorded on 26/6/01. 
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Figures 6.10 A and B shows the location in three dimensional space of the spectra 
from Wardown park lake. The point represented by the spectra from the Wardown 
park lake (War) is located close to the two Spirogyra points that characterise that 
class. Using the SIMCA methodology spectra taken from Wardown Park lake 
during the Spirogyra bloom were all successfully classified to Spirogyra PCA 
class. The success of this classification can be attributed to the near complete 
dominance of spirogyra during the bloom and the SIMCA classification 
methodology contained a Spirogyra model. 
River Lea 
Figure 6.12 shows three examples of in-vivo absorbance spectra recorded from the 
River Lea during August 2001. The normalised spectra show some clear features 
that relate to the pigments present and therefore give the identity of the major 
class of algae present. The two peaks at 590 and 630 nm respectively correspond 
to the two a bands of chlorophyll c. In addition the lack of any shoulder at 655 nm 
indicates an absence of chlorophyll b. Consequently, the pigment features indicate 
dominance by species from the Bacillariophyceae class. 
The shape of the spectra in Figure 6.12 can be compared to the spectra recorded 
from the laboratory grown culture of Asterionella formosa in Chapter 3 (Figure 
3.6). The spectra are clearly similar but not the same, suggesting that a different 
genus is probably present in the sample. Microscope analysis of samples in the 
laboratory confirmed the algal species present in the sample were single celled 
from the Bacillariophyceae class. 
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concentration declined to a concentration where by day 14 the level was below the 
limit of detection of the instrument. The same trend was also observed in the cell 
numher, declining after a peak at day 6 of2.0 x 105 cell per m1. 
'rhe control simulation proved that the sample had reached a maximum biomass 
and without the addition of either nutrients or the inoculation of cyanobacteria no 
further increase in the biomass was possible. The measured concentration of 
nitrogen and phosphorus in the natural sample on day zero gave a nitrogen to 
phosphorus ratio of 10: 1 indicating that nitrogen was limiting the growth. Regular 
visits to Verulamium Lake (where the initial sample water was taken from) during 
the l'oursc of the 22 day simulation showed agreement with the control 
simUlation, with no increase in algal biomass measured as chlorophyll a. This 
shov,'s the control simulation provided no growth advantage over the nahlral 
samplc. 
SimJilation B {Non-limiting + Microcystis) 
Figure 6.13 shows the growth curves for Simulation B. The plots of absorbance at 
6XO and 630 nm and cell numbers versus running time, show two peaks in 
biomass over the 22 day monitoring period. After the inoculation of Microcystis 
oertlgino.,,·a and the additional nutrients, a rapid increase in absorbance and cell 
numbers was ohservcd. The in-vivo absorbance measurement from day 2 showed 
absorbance ratio between wavelengths of 630 and 680 nm was 0.7 which is 
l'onsistent with a Micm(vstis dominance, presented in Chapter 3. The rapid 
in('rcase in cyanobacteria was also confirmed by microscope analysis of live cells 
from the culture. The increase in Microcystis aeruginosa was followed by a rapid 
dedine in the chlorophyll a absorbance and cell numbers, with a low of 51 mAU 
at Mm nm. com:sponding to 150 J.l.g rl chlorophyll a and 8.7 x 104 cells per ml 
het ween days 6 and 7. The decline in the characteristic phycocyanin pigment, 
found in all cyanobacteria, is sho\\<11 by the decline in the absorbance at 630 nm, 
shown as the blue plot on Figure 6.13. As Microcystis aeruginosa was the major 
cyanobacteria prescnt in this simulation, the decline in absorbance at 630 nm can 
he attributed to a decline in this species. 
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The second feature of the growth observed in simulation B was the large increase 
in ahsorhance and cell numbers after the decline of Microcystis aeruginosa cells. 
By day 9 the chlorophyll a concentration and the number of cells had increased 
hack to a similar level observed under Microcystis aeruginosa dominance of 330 
pg 11 chlorophyll a and 5.0 x 105 cell per m!. The absorbance ratio at wavelength 
6.~O : 680 nm had dropped to 0.36 suggesting species from the Chlorophyceae 
class, with low absorbance at 630 nm due to the lack of phycocyanin, were 
dominating the algal population. Microscope analysis confirmed the culture was 
d()minat(,~d by .\'cenedesmus, with the presence of some diatoms and a very few 
sma!! Microcystis cells. As the Scenedesmus population increased the absorbance 
ratiu decreased lLlI1.her to 0.29 at the maximum biomass of 592 ~g rl chlorophyll 
a on day D, Alter day 13 the chlorophyll a concentration declined rapidly to a 
10\\ or 121 ~lg \1 at day 22. The cell numbers also show a rapid decline. Such a 
rapid decline in measured absorbance and cell numbers is likely to be the result of 
(t'lls thlling out of suspension to the bottom of the culture due to stress and 
nutrient limitation. Such cells in the natural environment would fall down the 
water column. 
(),14 shows the nitrogen and phosphorus concentration in simulation B 
over the day monitoring period. Generally, a clear decreasing trend occurred 
throughout the 22 day monitoring period. The nitrogen and phosphorus 
("tl!1ccntnltion increased to 8A mg 1'1 Nand 791 ~g r1 P within the first 24 hours 
to the addition of both nutrients to the simulation. The added nitrogen and 
phosphoms was then rapidly taken up by the nutrient limited cells in the 
sinmiation, Figure 6.14 cII:arly shows the dissolved nitrogen and phosphorus were 
taken up rapidly by the cells in the culture. A decline down to limiting soluble 
l'uncentnltiollS of phosphorus 88 ~g rl was observed after only 6 days and 
Iilniting concentrations of nitrogen 1.4 mg r1 after 13 days. The uptake and 
nf nitrogen and phosphoms from their soluble forms into the cells 
means that the cells arc able to continue to grow for a limited period 
the soluble concentrations are very low. Moreover, this explains the lag 
bctwl'cn the l'Z:lpid nutrient uptake and the later peak biomass. 
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An attempt was made to classify the in-vivo absorbance spectra recorded from the 
simulation in order to determine the species present. Good correlation between 
microscope analysis and SIMCA based classification was observed where one 
class dominated the population, (Microcystis or Scenedesmus). Spectra from days 
2 - 4 were correctly classified as Microcystis aeruginosa and days 10 - 16 as 
Scenedesmus. However, where the dominance changed from the Cyanobacteria to 
Chlorophyceae, classification was unsuccessful as no PCA class was found to 
adequately match the data. Furthermore, where the population declined after day 
16 the spectra could not be successfully classified to the Scenedesmus PCA class 
even though this species dominated the assemblage. This was most probably due 
to high absorbance at the low wavelengths of the spectrum resulting from nutrient 
limitation. 
Simulation C (Non-limiting no algae added) 
Figure 6.15 shows the growth curves measured as absorbance and cell numbers 
for Simulation C. A steady increase in the chlorophyll a concentration and cell 
numbers was observed after the addition of nitrogen and phosphorus. At day 5 the 
absorbance ratio at wavelength 630 and 680 nm was 0.32 suggesting there were 
no cyanobacteria present in the culture. This was also confirmed by microscopic 
analysis. The absorbance ratio decreases to OJ at the maximum biomass of 645 
~g rl chlorophyll a on day 9, suggesting a complete or near complete dominance 
by species from the Chlorophyceae class. After only 9 - 10 days growth the 
absorbance and cell numbers rapidly declined. This is, as explained for simulation 
B, likely to be a result of cells falling out of suspension, as an accumulation of 
dead cells and cell debris was observed at the bottom of the culture vessel. The 
increase in the absorbance at 630 nm in this sample was not attributable to the 
presence of phycocyanin as there were no cyanobacteria present. More likely the 
absorbance at 630 nm is due to a number of small bands from chlorophyll's a and 
b or could also be due to chlorophyll c from the small number of cells from 
species of the Bacillariophyceae class. 
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Figure 6.16 shows the changing trend of nitrogen and phosphorus concentration in 
simulation C over the 22 day monitoring period. Similar nutrient change trends 
were observed, compared to simulation B. The available nitrogen and phosphorus 
was rapidly taken up by the cells in the culture. The nitrogen concentration was 
7.9 mg r1after the addition of the nitrogen but fell to 1.3 mg r1 after 14 days. A 
similar trend was also observed for phosphorus with a concentration of 790 ~g 1'1 
after the addition of phosphorus falling to 51 ~g 1'1 by day 7. Both these uptake 
times are similar to those observed in simulation B. 
Classification attempts on the in-vivo spectra from simulation C were confounded 
for the same reasons as discussed for simulation B. When the culture was in 
exponential growth (days 2 - 10) classification was possible. However, the 
classi fication was incorrect in identifying the sample to the ChIarella PCA class 
for days 2-5, where microscopic analysis shows this species was not present. This 
suggests that the mixed species composition from the Chlorophyceae class 
produced an in-vivo spectrum similar to that of Chiorella alone. This reinforces 
one of the limitations of the present classification data set, in that it is limited to 
only nine species and this does not fully represent the possible species that may be 
encountered in natural samples. 
Simulation D eN limiting + Anabaena) 
The growth curves for Simulation D, measured as absorbance and cell numbers, 
are shown as Figure 6.17. Simulation 0 showed a slow increase in biomass after 
the inoculation of Anabaena variablis to a concentration of 90 ~g r1 chlorophyll 
a. A long lag period is characteristic of cyanobacteria, which generally have a 
slower growth rate. Exponential growth is only observed after 10 days by which 
time simulation C had reached its maximum biomass. By day 22 the chlorophyll a 
concentration had increased to 1355 Jlg 1'1 and was still increasing. The 
phycocyanin absorbance at 630 nrn follows the chlorophyll a absorbance closely 
and shows a 630 : 680 nm absorbance ratio of between 0.84 - 0.82 from day 13 
onwards, demonstrating the complete dominance of the culture by the Anabaena 
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variablis cyanobacterium. The ability of Anabaena to fix gaseous nitrogen is 
evident in the continued growth of the culture after the nitrogen concentration has 
fallen to a very low level. This demonstrates one of the key competitive 
advantages some cyanobacteria have. 
Figure 6.18 shows the changing trend of nitrogen and phosphorus concentration in 
simulation D over the 22 day monitoring period. The addition of only 2.5 mg rl 
nitrogen is evident in the lack of a large increase as observed in simulations Band 
C. The uptake of nitrogen is however again rapid down to 1.3 mg r' after 14 days. 
The uptake oC phosphorus can be seen as a decline in the available phosphorus 
attcr 7 days down to 58 ~g r1 after which the concentration remains at a constant 
limiting level. 
Classification was attempted for all spectra from simulation D over the 22 day 
monitoring period. Between days 0 - 6 the spectra were not classified to one of the 
class models. Joint classi fication was made to both the Anabaena and Microcystis 
I>CA classes, betwccn days 7 - 16. Joint classification may be a result of the 
environmental conditions making the spectral shape similar to both the 
114icrocystis model and the Anabaena model (Chapter 5). Microscopic analysis 
con!i rmed that the culture was dominated by Anabaena and no Microcystis cells 
"vere pn:sent. From day 17 to 22 the in-vivo spectra were all correctly classified to 
the Anabaena class. 
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6.4 Summary 
The work presented in this chapter has shown the developed instrument and 
classification methodology, based on PCA and SIMCA techniques, to perfonn 
well in both field experiments and laboratory simulations. The reliability of the 
method was dt:monstrated where the algal population was dominated by single 
species or a numbcr of spccies from the same taxonomic class, especially when 
the species matched the species used to produce the PCA models. Such conditions 
\vcre found in both the field experiments, where algal blooms were observed, and 
in laboratory simulations during the exponential growth phase. 
The c1assi fication ability was reduced where either the sample contained a mixture 
or specks from several taxonomic classes or the dominant species was one that 
bad not been included in the nine chosen species used in the classification models. 
This can he attributed to the limited number of models, which cannot cover all 
possihlc species encountered in natural samples. Furthennore, because the models 
used to classify the samples were composed of spectra from mon-algal cultures, 
t ht'sl' \vill only correctly classify samples that are monospecific or near 
monospcci f1c in that particular class. This suggests that for the monitoring of 
mixed composition natural samples, which are commonly found during the lag 
phase of grmvth and early exponential growth phases, further species models need 
!\) be included to increase the range of species covered. However, under 
exponential growth conditions, when algal blooms represent a problem, the 
current technique would be successful. 
For both field measurement and simulation experiment, the results have 
(kmonstratcd the complexity of the nature of algal samples. The potential of the 
portable instrument in the analysis of complex environmental samples to provide 
accuriiltc at-site ncar real-time classi fication and quantification has been proven. 
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CHAPTER 7 
CONCLlISIONS 
A significant Hovanec hus heen made in the field of optical detection of algae and 
cyanohacteria by using a multi-disciplinary approach utilising recent technical 
advances in electronics, physics, optics and computing. A unique compact fully 
pOl1abk~ instrument, designed specifically for monitoring freshwater algae and 
cymmhw.:tcria in eutrophic frcshwaters, has been developed. A novel solution to 
the prohlem of monitoring freshwater algae and cyanobacteria has been achieved 
by providing a rapid non-invasive measurement that can be performed at site by a 
non-special is!. 
Algae and, 111 particuiar, cyanobacteria, resulting from eutrophication of 
fr(~sh\", atl..!rs. rcprl~sents a major concern to water quality managers and 
environmental scientists. It is well recognised that current monitoring techniques 
do not provide sufficiently rapid and accurate results of chlorophyll a 
COllL'l~lmations unt! species composition. Therefore, new advances in monitoring 
techniques are required. In-vivo absorbance is a proven technique that can provide 
the rapid assessment of algal composition and total chlorophyll a level at site. 
Cunsel.jllently, this can provide the water quality manager with up to date 
ll1fOrrnalion on the stute of the water body allowing the immediate and cost 
effc\..'tive implementation of control measures, if required. 
7.1 Instrument design, calibration and characterisation 
The t:upuhility of u multi disciplinary approach utilising advancements in optical 
h . .:chnologks (0 snhc an ~nvjmllment monitoring problem has been proven. The 
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significance of the new technologies as shown in this thesis has been 
demonstrated in the field study and laboratory simulation experiments. 
The novel instrument design incorporates several new advances in optical 
technology. A miniature CCD based spectrometer allows rapid acquisition of the 
full absorbance spectrum between 200 - 850 nm in less than 170 mS, at a high 
resolution of 1.3 nm (FWHM). A miniature combined tungsten and halogen lamp 
provides light output across the ultraviolet and visible regions allowing 
absorbance measurements to be made between 250 - 850 nm. A dip probe, based 
on reflectance, gives an effective 40 mm path length and provides a novel 
alternative to a conventional flow cell. The distinct advantages of the dip probe 
are its simplicity compared to a flow cell, in that it does not require a pump to fill, 
and, because it is easy to clean, biofouling problems are eliminated. The use of 
miniature technologies allowed the instrument size to be kept small to allow full 
portability to be achieved. The instrument measures 280 mm x 205 mm x 65 mm 
excluding the probe and including the battery weighs only 3.2 kg. A specifically 
developed control program «1 MB), written in LabVIEW, will run on either a 
desk top or a laptop computer (Windows 95 platform) and allows easy operation 
of the instrument via a single user friendly control panel. Data acquisition is 
performed using a low cost 12 bit 100KHz DAQ card, available in a credit card 
size format for laptop use. The spectral data is directly available for either analysis 
of the chlorophyll a concentration or taxonomic classification. Spectra are saved 
in text file format (30 KB) for further data processing and analysis. The 
instrument specifications are listed in Appendix G. 
The instrument has been shown to have excellent performance characteristics 
comparable with an industry standard diode array bench top spectrophotometer 
(Hewlett Packard 8452A). Wavelength accuracy confirmation using a standard 
holmium-oxide filter confirmed the wavelength calibration provided by the 
manufacturer. A 5 m V noise level on the lamp intensity spectrum gave an average 
SIN ratio of 576: lover the 400 - 750 nm region. This represents a very low 
combined noise level from the lamp, detector and electronics, particularly 
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considering the miniature nature of the instrument. The baseline noise level in 
ahsorbance units showed only a 0.00 1 AU variation at 780 nm, over five hundred 
measurements. Specific assessment of the lamp stability proved a precision of less 
than 0.4 9;', RSD was obtainable over 10 minutes in the 400 - 850 nm range. Over 
an extended period, the lamp unit showed only a comparatively small 0.003 V!h-J 
change. The photomctlic accuracy of the instrument can be considered excellent. 
CCHnparison of molar absorptivity values obtained from cobalt ammonium 
sulphate standards measured with the developed instrument with standards values 
set hy the n PAC commission on physiochemical standards showed no significant 
diffen:lh.:es. 
'I'hL' instrument \\as shown to have a linear photometric response up to 1.2 AU 
when ll'skd with cohalt ammonium sulphate standards from 0.05 to 0.25 M. The 
10 mm prohe tip gave a coefficient of determination of / = 0.9989 Cn = 6) 
compareJ with / :::; 0.9982 (n = 6) measured on the Hewlett Packard 8452A 
spectrophotometer within 0.05 - 0.25 M concentrations. A four times increase in 
sensitivity \vas achieved with the 40 mm path length compared to the standard 10 
mm kl1!!th. whilt: still retaining excellent coefficient of determination (l = 
O.<)W»). n ::: X) anJ linear photometric response up to 1.2 AU. 
PllOlUITletrit: pn':~lsion in the instrument was shown to decrease in an exponential 
fashion as th~ mean absorbance increased. Consequently, the photometric range 
which provides the grCl.ltcst precision was defined as up to 1.5 AU. Therefore, the 
precision of measurements made in the linear region of the instrument up to 1.2 
AL: can he considered excellent. Photometric stability assessed as the absorbance 
t)f a copper sulphate standard was shown to be consistent with the overall 
instrument stability. Over 10 minutes a 0.12 % RSD was achieved for 30 
rcplk:.Ih.'S of <I 0.457 AU standard. The stability of the absorbance measurement 
n:ll'laincd c:\celknt over 110 minutes and 400 replicates gave a 0.4 % RSD. 
T...:mix'l'i.lwrt,; wa;; shown to have an effect on the CCD detector; the standing 
ellarg\.: on the eCl) was shown to increase with temperature over 5 - 34 Dc. 
Hmvc\I,.:I'. the noise level on the standing charge showed no Increase. 
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Consequently, the temperature effects do not represent a major problem, as the 
detector is well insulated. 
7.2 Data analysis 
In-vivo absorbance spectra, recorded using the developed instrument, from 
laboratory cultures and natural samples showed spectral features that are 
consistent with previous research in this field and relate directly to the taxonomic 
pigment composition of the respective classes. Specific features were found 
throughout the studied species that relate to certain pigments. Chlorophyll a 
exhibited three consistent features, a small shoulder between 411 - 421 nm, the 
Soret band at between 434 - 440 nm and the a absorption band between 676 - 683 
nm. Chlorophyll b, in species of the Chlorophyceae class, was only clearly shown 
at the a band as a shoulder between 647 - 655 nm. This is due to the high 
carotenoid absorbance in the Soret region. Chlorophyll c, in species of the 
Bacillariophyceae class, exhibited three clear features relating to the a bands at 
587,616 and 635 nm. Phycocyanin, in species of the cyanobacteria class, showed 
three clear features, a small shoulder between 585 - 595 nm, two peaks at 615 ­
621 nm and 628 - 632 nm. The large number of overlapping carotenoids made 
identification of specific carotenoid features very difficult. The variation in peak 
wavelengths for the same pigments between species can be attributed to the high 
resolution of the instrument, which was able to detect slight physiological 
differences. The determination of these pigment features provides a distinct 
advantage over fluorescent based monitoring, which commonly only measures 
chlorophyll Q. 
The identification of pigment features and the high precision of the developed 
instrument allowed the accurate quantification of chlorophyll Q and the potential 
for the quantification of several other pigments. The 40 mm optical path length 
combines the advantages of both high sensitivity, with detection down to 8 )l.g rl 
chlorophyll a, and a wide linear dynamic range of up to 1000 )l.g rl chlorophyll Q. 
Consequently, the instrument allows direct measurement of dense algal and 
193 

cyanobacterial samples without the need for quantitative field dilution. The 
instrument also allows the number of cells per unit volume to be estimated using 
the absorbance at 750 nm. For the unicellular cyanobacterium Microcystis 
aeruginosa a linear range up to 7.0 X 106 cells per ml (/ =0.9866) was obtained 
with an estimated limit of detection of 4.0 x 104 cells per ml. This again 
demonstrates the wide linear range and sensitivity of the instrument. However, as 
the cell size and shape directly influence the absorbance at 750 nm, this method is 
most suited to analysis of mono-algal laboratory cultures. 
As part of the multi-disciplinary approach, recent advances in portable computing 
power were utilised to allow advanced mathematical data analysis methods to be 
used. This allowed the unique advantage of rapid at site classification of in-vivo 
absorbance spectra to be achieved. The use of chemometric methods of PCA and 
SIMCA, for the analysis and classification of the complex in-vivo spectra from the 
developed instrument, has been proven a highly effective method for the 
classification of unknown algal and cyanobacterial samples. Using the PCA 
technique, the variance between complex in-vivo absorption spectra is explained 
by only four principal components, which between them account for 99% of the 
variance between the samples. The principal components were successfully linked 
to specific pigment features, thus allowing interpretation of score plots based on 
the principal components. Classification based on the SIMCA methodology, 
where models are produced for each species and new samples are compared to 
each model and classified to the nearest one within set confidence limits, proved 
successful in classifying to taxonomic class level and furthermore, classification 
was possible to genus level within the limited number of species examined. 
The addition of noise was found to have little effect on the classification ability of 
the method, as the noise was explained by the fourth principal component and 
could therefore be left out of the classification. Classification using only eight 
selected wavelength variables, that related to the most significant loadings on the 
four principal components, was almost as successful in classifying unknown 
samples as the complete spectrum of 821 variables, thus leading to the potential to 
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produce a very simple model. Adaptive effects were found to increase the spectral 
variability and therefore reduce the spectral differences between the taxonomic 
classes and individual genus studied. This was found to have a subsequent effect 
on the classification ability of the program, which was only maintained at a higher 
confidence limit of 5 %. Moreover, the successful classification under these 
conditions proved the potential for the indirect assessment of the previous light 
history and nutrient status of the sample. 
7.3 Application of the instrument 
The complete instrument and associated classification methodology has been 
proven to perform for both laboratory simulated bloom conditions and at site 
analysis of natural samples. The analysis of laboratory simulations proved the 
ability of the method for high temporal resolution monitoring, with the potential 
for sub hourly monitoring, if required. The classification methodology was proven 
to provide rapid identification of the dominant algal or cyanobacterial genus, even 
where the sample composition was continually changing during the different 
phases of growth. 
The instrument was also proven to perform for the at-site analysis of natural 
samples, where there was no previous knowledge of the species composition, 
nutrient status and light history. Classification was proven to only be possible 
where natural samples matched the species used to produce the classification 
models. Where the natural species composition was a mixture of species or a 
species that was not modelled, no classification was possible, suggesting the need 
for further models to include other common species. 
7.4 Achievement of the aims 
1) 	 A unique instrument has been developed which incorporates miniature 
technologies to provide a portable, rugged and simple to use instrument for 
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the at site monitoring of algal and cyanobacteria in freshwaters. The 
instrument provides accurate quantitative information on algal and 
cyanobacteria levels and qualitative taxonomic data to allow a rapid 
assessment of the taxonomic composition. The instrument incorporates a 
miniature high resolution CCD based spectrometer, which allows the rapid 
acquisition of the spectrum between 200 - 850 nm at a high resolution (0.3 
nm). The rapid acquisition allows a large number of spectra to be acquired 
and averaged to reduce the noise level. The high resolution of the 
spectrometer showed a very high level of detail revealing minor spectral 
features, which would not be observed when using a standard bench top 
spectrophotometer. The unique instrument provides a significant 
contribution to the field of optical detection and monitoring of algal and 
cyanobacteria. 
2) Spectral features that relate to the three most common freshwater 
taxonomic classes; Cyanobacteria, Chlorophyceae and Bacillariophyceae, 
were identified in nine common freshwater algae and cyanobacteria. The 
specific pigment features that characterise the three classes were shown to 
form major classification features. Smaller spectral differences due to 
pigment composition, cell size and shape were found to result in subtle 
differences between different genera of the same taxonomic class. The 
chlorophyll a concentration was determined by the chlorophyll a peak 
height at 680 nm, providing a rapid near real-time estimate of the 
chlorophyll a level that is comparable to results gained using other 
methods. 
3) 	 The effects of incident irradiance and nutrients stress on the in-vivo 
absorbance spectrum were examined. The full spectral nature of the 
instrument allowed the determination of changes in pigment composition 
as an adaptive response to both incident irradiance and nutrients stress. 
Adaptive responses were found to have a major influence on the shape of 
-
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the in-vivo absorbance spectrum and allow indirect measurement of the 
light history and or nutrient status. 
4) 	 The classification methods based on PCA and SIMCA provided important 
statistical infonnation in the classification of the studied species from three 
taxonomic classes and provide an alternative to discriminate analysis. 
Classification was proven possible to genus level as a direct result of the 
high spectral detail provided by the instrument. The addition of noise 
proved to have very little effect on the classification ability. Furthermore, 
the inclusion of data recorded from light adapted and nutrient stressed 
samples, allowed a more comprehensi ve coverage of all possible 
environmental factors. 
5) 	 Field trials of the instrument and data analysis methods for at site analysis 
of natural samples demonstrated the reliability of the instrument under 
field conditions. The best results were obtained when field samples 
matched the genera of the laboratory grown sample used to test the 
instrument and develop the classification models. Laboratory based 
simulation experiments proved the instrument was able to work under 
bloom conditions, where the species composition rapidly changed. 
Classification under these conditions was also shown to work best where 
samples matched the genera of the laboratory grown samples. 
7.5 Relevance to the water industry and governmental agencies 
The developed instrument is ideally suited for use in both the water industry and 
by environmental scientists working for governmental agencies, where there is a 
need for portable instruments to monitor algal levels. Within the water industry, 
optical techniques are already used for monitoring water quality at fixed locations, 
as no suitable portable monitoring instrument is currently available. Methods 
already used include UV determination of organic contamination in drinking 
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water. Direct optical methods are chosen as they provide continuous or near 
continuous measurements, without the need for expensive reagents and personnel. 
The developed instrument allows a further parameter to be monitored providing 
these advantages. The instrument is partially relevant to the monitoring of algal 
and cyanobacterial levels in freshwater drinking reservoirs to allow early 
detection and implementation of control measures. 
The Water Framework Directive (WFD) (2000/S0/EC) is the most significant 
piece of European water legislation for over twenty years. With relevance to 
aquatic flora, the introduction of this legislation will mean algal and 
cyanobacterial monitoring, which is currently carried out to varying degrees (there 
is no current national classification scheme) will need to be extended. Such 
increased monitoring and the introduction of a classification scheme is most 
probably beyond the logistical confines of the traditional monitoring methods. 
Monitoring agencies such as the Environment Agency in England and Wales will 
therefore need to review the methodologies they use for monitoring algae and 
cyanobacteria. Methods based on bio-optical analysis provide fast, accurate and 
comparable results, which meet the aims of the WFD. Currently, portable 
instruments are used by the Environment Agency for the measurement of many 
parameters, including nutrients, temperature and chlorophyll by fluorescence as 
alternatives to expensive laboratory based analysis. The move to at site analysis 
from laboratory based analysis is predicted to continue as instrumentation 
develops, to allow regulatory agencies to meet future monitoring standards. The 
developed instrument forms the next generation of instrument for assessing the 
aquatic environment, where tougher European legislation means that standards 
must be met across Europe. 
7.6 Suggested future work 
Further research and development work has been identified that was beyond the 
scope of this thesis. Future work should focus on the i) Refinement of the 
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developed instrument and data analysis methodology; ii) Application of the 
instrument to utilise its novel features for research and routine use. The following 
sections detail future work within theses areas. 
7.6.1 Instrument development 
Instrument sensitivity 
An increase in sensitivity would make the developed instrument usable in a wider 
range of waters including waters of low trophic status, oligotrophic fresh and 
marine waters, where algal levels are generally below 10 ~g r1. To make the 
instrument usable in these waters the sensitivity of this method needs to be 
improved to a level comparable with the fluorescence technique, while retaining 
the unique advantages of the in-vivo absorbance technique. The Liquid 
Waveguide Capillary Cell (LWCC) represents a recently developed technological 
advance in analytical instrumentation providing ultra high sensitivity absorbance 
measurements. The LWCC uses a hollow core, with internal volumes of only 12.5 
- 240 ~l, surrounded by a lower refractive index cladding material to achieve total 
internal reflection and minimal light loss over distances of up to 100 cm. 
The LWCC has recently shown potential, in prototype form, for the monitoring of 
marine phytoplankton (Kirkpatrick et aI. 2000). However, due to the low internal 
diameter of between 500 - 550 ~m the currently available LWCC is not suitable 
for monitoring natural waters containing algae. Samples must be pre filtered to 
remove any debris that would block the waveguide. This makes the ClllTent 
configuration unsuitable for field applications. Manufacturers of the LWCC are 
currently developing a large bore (>1 mm) LWCC specifically designed for 
application where sample size is not limited. Such a cell would be ideally suited to 
monitoring phytoplankton and would provide detection to below 1 ~g rl of 
chlorophyll a. 
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Integrated instrument control, quantification and classification. 
Simplicity in instrument control, data analysis and display of the results is 
important where an instrument is to be used by a non-specialist. In its current 
form the developed instrument and data analysis methods are user friendly and 
simple to operate but run as separate programs on the computer. Future work 
should involve the integration of the present control program with the data 
analysis programs. This would have the advantage of providing instant 
quantitative and taxonomic information without the need to move data to a 
separate program. Under a single program the option of different data analysis 
tasks would be available on the control panel. The potential also exists to remove 
the need for a PC or laptop computer and use a specific integrated computer. 
7.6.2 Development ofclassification methods 
Expansion of species models 
The PCA I SIMCA based classification method provides the opportunity to build 
on the relatively small number of species used in this study. Further models can 
be added to include more genera from further taxonomic classes. The number of 
models is limited only by the ability of the instrument to identify different spectral 
features. Consequently, so long as the in-vivo absorbance spectra are identifiably 
different, either as a result of the pigments present, the adaptive response to 
environmental factors or the cell size and shape, classification should be possible. 
Further work should include looking at more species within the three classes. 
Further taxonomic classes such as the Rhodophyceae, Phaeophceae and 
Dinophyceae could also be included. Ideally, a large database should be 
constructed and different classification sets consisting of groups of species 
selected for different waters, i.e. eutrophic freshwater, oligotrophic freshwater or 
mmine. Each set of models would consist of models of species common for that 
environment. 
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Expansion of environmental conditions 
The studies presented here on the adaptation to the spectral features of algae and 
cyanobacteria should be developed to include a wider range of conditions. The 
construction of a large database of spectra from different genera recorded under 
different combinations of conditions would allow the detailed examination of the 
effects of combinations of these environmental variables. This also leads to the 
potential for rapid and reliable indirect determination of the physical environment 
influencing the algal populatjon. Factors that should be included in further study 
include light quality, as this is a major factor influencing the algal population 
(Kirk 1994). Nutrients including silica and trace elements e.g. (Harper 1992) and 
dissolved organic matter (Bricaud 1981) should also be included. The compilation 
of a database of the influence of these factors is a major task but has the potential 
to provide significant benefits. 
Analysis of mixtures 
The comprehensive study of algal mixtures was beyond the scope of this thesis. 
Such research represents a major next step that must be made if in-vivo 
absorbance is to become extensively useful, particularly where toxic algae and 
cyanobacteria form a minor component of the algal composition, but remain a 
toxic hazard, as in the marine environment. 
This study proved the multivariate data analysis techniques to be ideally suited to 
the complex nature of in-vivo absorbance spectra from algae and cyanobacteria. 
Other researchers have attempted to analyse spectra recorded from mixtures of 
species in order to identify species that are present in mixed natural populations. 
However, the work presented by these authors is fundamentally limited in that it 
has not taken into account the spectral variability due to environmental conditions. 
Consequently, the models are simplistic and do not truly represent what is likely 
to occur in the natural environment. A major area of the research presented here 
was the identification of the major adaptive features of common freshwater algae 
and cyanobacteria. This data can now be used in future work to accurately model 
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mixtures of different genera under different environmental conditions. The 
analysis of mixture must be based on multiple linear regression methods such as 
Partial Least Squares Regression or Principal Component Regression as this 
provides a quantitative measure. Both these regression methods can be performed 
using the Unscrabler software used in the current research. 
7.6.3 Application ofthe instrument 
The developed instrument should now be used for routine monitoring and 
academic research of the freshwater environment. There is potential for use in 
routine monitoring programs for the early detection and characterisation of algal 
and cyanobacterial material to allow warning of potential bloom events. The 
instrument also has potential for use in academic research into freshwater 
limnology and eutrophication, possibly as part of an integrated lake classification 
methodology. The potential for high spatial resolution allows researchers to study 
variations in algal populations over relatively small distances and, if combined 
with at-site nutrient analysis, this would provide detailed information of 
significant interest to freshwater scientists involved in cyanobacterial bloom 
formation, movement and control. The ability for rapid and uncomplicated 
measurement also leads to the potential for long term monitoring studies to gain 
valuable continuous records of chlorophyll levels and species composition, as 
minimal time is required to gain the required data. 
7.7 Commercial development 
The current instrument and associated data analysis methodologies have been 
proven to work extremely well under a wide range of conditions. The number of 
available instruments that would rival a commercial instrument based on the 
research presented here is small, as the review of current instruments in Chapter 1 
demonstrates. The market for instruments that provide at site, real time 
quantitative pigment analYSis and taxonomic classification is also likely to 
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increase. Consequently, there is potential for commercialisation. However further 
development, as outlined above and corresponding funding would be required. 
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APPENDIX A 
Ocean Optics wavelength calibration for S2000 Spectrometer 
OCEAN OPTICS, INC. 
'I 
BuiItf'or: Ocean Optics Europe Or<l.u Ii: 1 
Model; 82000 11411 I 
Description: Fiber Optic Spectrometer 
Grating: 600 Une~ 81a:«d at 400 nm 
Bandto,idth: 200-850 nm 
Options Installed: OFLV Dlltector, U Lens., 2Sum Slit 
CESerial Number: 121328 
Wavelength Pbd'! Pix!'Z PTed~d belta 

WavcleJ:I:,E,.fu Lambda. 

25:HS 199 39601 253.39 	 0.26 

0_10
296.73 314 	 98596 296.63 
302_23 ..()_OS302.15 329 108241 

313_16 358 128164 313_02 0_14 

334.1S 415 l7:l225 334.13 0.02 

365_02 500 2S00[)O 365.3.3 -0.31 

404_66 	 609 370881 404.88, ·0.22 

484416 436_01 ·0_23
435.84 	 696 
546.0g 	 lOll 1022121 546.l& -O.lO 

11m 1225449 578_8<i 0_21
519JJ7 
214(};}69 	 o_os
-696.54 1"k53 696.49 

706_12 1494 2232036 706,46 0_26 

G_O:5
727.29 1559 	 2410481 727.24 
738.40 1594 2540836 738.36 	 0,04 
151.50 	 16:35 2673225 751.30 0.20 

-0_04
76351 1674 2802276 163_55 

77Z.40 1702 2396804 
 m.30 0.10 
794.82 	 1775 3150625 794_95 -o.n 

0_06
3225616 801.42801.48 	 1196 
826.45 HI79 3530641 826.81 	 -036 
CalibnitiOIl Cocllicie:tm 

First Coe.ffi~if,Dt 0.3S741354 

SIlC ItDd Coeffkie::n1 -2.21SE-Q5 

Intereept 	 177.l 6811 4 

0.99999923

.Regression Fit: 

H(}1mium Oxide Abso:t'b_ (444nm): 1.30 

Stray Lighl: yellow dye 2_90 00150 2.60 
4_00blue dye 4.00 RGSSO 
1.2.0molybdate 1.701'03 
r2/02/98 
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APPENDIXB 
Connections for the PC+ DAQ card and S2000 spectrometer 
Function 
Video in 
Analog Ground 
Analog Ground 
Digital Ground 
Read Enable 
Convert Trigger 
Master Clock 
Integration Clock 
+5 V DC 
S2000 
Connection 
1 

5 

5 

9 

25 

10 

11 

23 

13 

--,-"-,--,,",­
Pin assignment Pin No. 
PCI1200DAQ 
-------------,---------­ACH2 3 

AISENSEIAIGND 9 

AGND 11 

DGND 13 

PB5 27 

EXTCONV 40 

OUTBO 41 

OUTB2 46 

+5V 49 
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APPENDIX C 
Standard Operating Procedure for the instrument 
Reagents and equipment: 
1. 	 Samples 
2. 	 Deionised water 
3. 	 Portable spectrophotometer instrument 
4. 	 Appropriate path length probe tip (5, 10 or 40 mm) 
5. 	 Sampling vials x 2 
Procedure: 
1. 	 Connect data acquisition cable between computer and instrument. Tum on 
instrument and computer and open control program from shortcut on desktop. 
Allow 10 minutes for the instrument to warm up. 
2. 	 Transfer approximately 10 ml of deionised water into the blank vial and place 
probe tip in the vial. Tap the vial gently to remove any bubbles caught in the 
probe tip. 
3. 	 Run the control program software and press START. The software will be in 
the default intensity mode. 
4. 	 If the lamp intensity spectrum is below 5 V increase the intensity to 5 V using 
the exposure time control. Note the lamp intensity must not exceed 5 V at any 
wavelength. 
5. 	 Stop the software by pressing the red STOP button. Adjust the number of 
average from the default of 5 to 50 and then and set the mode to absorbance. 
SET UP COMPLETE 
6. 	 Press the START button to restart the software with the new settings 
7. 	 Press the DC button to record the dark current spectrum, this will appear in the 
upper of the two small graphical displays. 
8. 	 Press the BG button to record the background spectrum, this will appear in the 
lower of the two small graphical displays. 
9. 	 Remove the blank vial with the deionised water, add approximately 10 ml of 
sample to the sample vial, and place the probe tip in the new vial. Again, tap 
the vial gently to remove any bubbles caught in the probe tip. 
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10. Press the SAMPLE button to record the sample absorbance spectrum, this will 
appear on the main graphical display. 
11. To correct the spectrum for scattering effects set the pink correction button to 
YES, this then displays the corrected absorabnce at 3 key wavelengths. 
12. To save the spectrum press SA VB. This will save the next complete spectrum 
of n averages 
Notes: 
The stored dark current and background data can be updated by pressing the DC 
or BG buttons respectively. However the program must be in intensity mode and 
the probe must be in deionised water. 
The save mode may be changed from single (default) to continuous to allow the 
continuous acquisition of the absorbance at two wavelengths. Note the location to 
save the data to must be determined in the path field before the save button in 
pressed. 
The data smoothing method may be changed from moving average (default) and 
the size of the window may also be changed. This can be performed while the 
program is running but will only execute on the next complete spectrum. 
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APPENDIXD 
Modified method for the determination of chlorophyll a. 
Reagents and equipment: 
1. 	 Acetone, 100% Analytical grade 
2. 	 Acetone, 90% v/v Aqueous solution 
To 450 ml of analytical grade acetone in a glass bottle add 50 ml of deionised 
water and mix well. 
Note: Acetone is a hazardous waste and cannot be poured down the drain. 
Waste acetone should be poured into a labelled container for disposal. 
3. 	 Glassware for preparation and storage of solutions and pigment extracts. 
Washed in deionised water and acid free. 
4. 	 Tissue grinder 
5. 	 Acid free fine sand for grinding 
6. 	 Centrifuge or similar tubes chemically resistant to acetone 
7. 	 Filter apparatus and GF/C glass fibre filters (Whatmans) 
Procedure: 
1. 	 Collect algal sample. 
2. 	 Filter 200 ml of algal sample through GF/C filter to concentrate the sample. 
3. 	 Place the filter paper in a tissue grinding tube and cover with 5 ml of 90 % 
acetone solution. Macerate well; add a small quantity of fine acid free sand if 
required. 
4. 	 Transfer the contents of the grinding tube to a centrifuge or similar tube 
covered in foil. Using a further 5 m! of 90 % acetone solution wash out the 
grinding tube into the new tube. Allow the solution to stand for 24 hours at 
4°C. 
5. 	 Clarify the extract by passing it through a GF/C filter. Wash the filter with 90 
% acetone solution to make the total volume of the extract 25 m!. Keep the 
extract in the dark to prevent pigment degradation. 
6. 	 Measure the absorbance at 750, 664, 647 and 630 nm. 
Note 1: Zero the spectrophotometer with 90 % acetone solution. 
Note 2: The absorbance at 750 nm should be set to zero. 
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Ca1culati ons: 
The following formula is used to determine the concentration of the extract: 
Where: 
CE=concentration (mg rl) of chlorophyll a in the extraction solution analysed 
Aa =Absorbance (AU) at 664 nm 
Ab =Absorbance (AU) at 647 nm 
Ac =Absorbance (AU) at 630 nm 
The concentration of the extract CE must be divided by the concentration factor to 
give the correct concentration in the original sample. 
Concentration of original = 

sample (mg rl) Original sample volume I extract volume 

To express the concentration in /.Lg rl chlorophyll a the results must be divided by 
1000. 
References: 
Arar, E. J. (1997) Method 446.0 In Vitro detennination of Chlorophylls a, b, cl + 
c2 and pheopigments in Marine and Freshwater Algae by Visible Spectroscopy. 
U.S. Environmental Protection Agency. 
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APPENDIXE 
Modified method for the determination of nitrogen (TON) in algal cultures 
and natural waters. 
Reagents and equipment: 
1. 	 Deionised water 
2. 	 0.2 M Sodium Hydroxide solution 
To 900 ml of water add S.Og of sodium hydroxide and dilute to 1 L 
3. 	 Stock copper sulphate solution (stable for 6 months) 
To 80 ml of water add 1.2 g of cupric sulphate pentahydrate and dilute to 100 
rnl 
4. 	 Hydrazine-copper reagent (stable for 1 week) 
To 800 ml of water add 1.5 g of hydrazine sulphate and 1.5 ml of stock copper 
sulphate solution dilute to lL 
5. 	 Sulphanilamide reagent (stable for 1 week) 
To 750 ml of water add 100 ml of orthophosphoric acid and mix. Add 0.5 g of 
N-l-naphthylethylene diamine dihydrochloride and 10 g of sulphanilamide 
and completely dissolve. Dilute to 1 L store in an amber bottle. 
6. 	 Nitrate stock standard (l mg N03 as N per ml) 
Add 6.070g of dried Sodium Nitrate mw 84.99 to 800 ml of water and dilute to 
7. 	 Working standards (l-40 mg r1) 
Make by dilution of stock standard 
8. 	 Test tubes for analysis 
9. 	 Pipette capable of delivering III volumes 
10. Water bath set to 40°C 
11. Cuvettes (1 cm path length) 
12. Spectrophotometer set to measure the absorbance at 520 nm 
Procedure: 
1. 	 Pipette 250 III of filtered sample into a clean test tube 
2. 	 Add 2000 J.11 of deionised water and mix 
3. 	 Add 700 1-11 of 0.2 M Sodium hydroxide solution, mix 
4. 	 Add 1500 III of Hydrazine-copper reagent and mix 
5. 	 Place test tube in water bath at 40°C for 15 minutes 
6. 	 After 15 minutes add 200 J.1l of Sulphanilamide reagent and mix 
7. 	 Place test tube in rack on bench 
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<0 
8. 	 After 5 minutes from the time of adding the Sulphanilamide reagent measure 
absorbance at 520 nm using a reagent only blank 
Note All samples should be run in duplicate and the mean value calculated 
Standard covering the 1- 40 mg rl range should be used to produce a calibration 
graph of absorbance at 520 nm versus TON. 
The concentration of unknown samples can then be calculated using the 
calibration graph. 
References: 
Standing Committee of Analysts, (1981). Oxidised nitrogen in waters Methodsfor 
the examination ofwaters and associated materials, HMSO London, UK 
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APPENDIXF 

Modified method for the determination of phosphorus (SRP) in algal cultures 
and natural waters. 
Reagents and equipment: 
1. 	 Deionised water 
2. 	 Sulphuric acid 5N solution 
Add 70 ml cone H2S04to 400 ml of water, make up to 500 ml 
3. 	 Ammonium molybdate solution 
Dissolve 20g of (NH4)6M07024.4H20 in 500 ml water 
4. 	 Ascorbic acid 0.1M solution (stable for 1 week at 4 0c) 
Dissolve 1.76 g of ascorbic acid in 100 ml water 
5. 	 Stock phosphate solution (50 ~g PO/p ml 
Dissolve lO9.5 mg KH2P04 in 500 ml 
6. 	 Working standards (l00-1000 ~g r' P) 
Made by dilution of the stock solution 
7. 	 Test tubes for analysis 
8. 	 Pipette capable of delivering /-tl volumes 
9. 	 Water bath set to 40°C 
10. Cuvettes 2 cm 
11. Spectrophotometer set to measure the absorbance at 880 nm 
Procedure: 
1. 	 Pipette lO ml of filtered sample into a clean test tube 
2. 	 Add 800 ~l of 5N Sulphuric acid and mix 
3. 	 Add 240 jl.l of Ammonium molybdate solution, mix 
4. 	 Add 480 jl.l O.IM Ascorbic acid solution and mix 
5. 	 Place the test tube in a water bath at 40°C for 30 minutes 
6. 	 After 30 minutes measure the absorbance at 880 nm in a 2 cm cuvette using a 
reagent only blank 
Note All samples should be run in duplicate and the mean value calculated 
Standard covering the 100 - 1000 ~g rl range should be used to produce a 
calibration graph of absorbance at 880 nm versus SRP. 
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The concentration of unknown samples can then be calculated using the 
calibration graph. 
References: 
Clesceri, L. S., Greenberg, A. E., Eaton, A. (1998) Standard Methods of the 
Examination ofWater and Wastewater 20th Edition, APHA, USA 
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APPENDIX G 
Portable algal monitoring instrument specifications 
._--",_.._._.._._-----­
Parameter Specification 
----.~---.--.---.--.------.-------.----.-....--- ----- •. _---------­
Size (w x d h) 
Weight 
Temperature range 
Power Supply 
Battery life 
instrument control 
Operating platform 
Data acquisition 
Optical Path length 
Sample size 
Spectral range 
Spectral resolution 
Time to record spectrum 
Measurement range 
Limit of Detection 
Absorbance resolution 
Absorbance stability 
Noise level 
Spectral Classification 
Data capacity 
280 mm x 205 mm x 65 mm excluding probe 
3.2 Kg including battery 
5 - 35°C 
12 DC mains converter or rechargeable battery 
5 hours from fully charged 
Lab VIEW control program run on PC or laptop 
Windows 95 
12 bit 100 KHz 
5, 10 or 40 mm in reflectance configuration 
From 5.0 ml 
200 - 850 nm 
1.3 nm (FWHM) 
170 mS 
Linear to 1.2 AU equivalent to 1000 !-lg 1'1 chlorophyll a 
8 !-lg 1'1 Chlorophyll a 

0.0001 AU 

0.4 fl/c! RSD over 120 minutes 

SIN ratio 475:1 Baseline noise 1 mAU 

PCA I SIMCA (CAMO Unscrambler) 

Limited only by hard drive capacity 
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